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AI Da bi izboljšali razumevanje mikrobiologije hitro izginjajočih arktičnih ledenikov, smo 
vzorčili ledeniška okolja na območjih, ki veljata za žarišče polarnih mikrobioloških 
raziskav, na Svalbardu in Grenlandiji. V vzorcih površinskega in podledeniškega ledu, 
kriokonitov, snega, ledeniške vode in vode na površini ledenikov smo analizirali 
mikrobno raznolikost in zastopanost s kombinacijo metod gojenja in molekularnih metod. 
Z gojenjem smo osamili okrog 500 čistih kultur gliv, ki so pripadale 77 vrstam (62 
rodovom) in več kot 200 bakterijskih kultur, ki smo jih uvrstili v 27 vrst (23 rodov). 
Najpogosteje osamljeni bakterijski rodovi, skupni vzorcem tako Grenlandije kot 
Svalbarda, so bili Cryobacterium, Massilia, Pseudomonas in Sphingomonas. Pri glivah so 
bili skupni rodovi psihrofilnih bazidiomicetnih kvasovk Mrakia, Phenoliferia, Callizyma 
ter psihrotolerantni filamentozni Penicillium in Cladosporium. Callizyma je nov rod, 
izoliran z Grenlandije in Svalbarda, ki obsega dve novi oligotrofni in psihrofilni vrsti 
Callizyma psychrophila in Callizyma arctica. Sekvenciranje pomnožkov taksonomskih 
označevalcev je odkrilo večjo glivno raznolikost ledeniških habitatov v primerjavi s 
kulturomiko, vključno z nekaterimi nepričakovanimi najdbami, kot sta bili prisotnost 
dermatofitske glive Malassezia restricta in izjemno halotolerantne črne kvasovke 
Hortaea werneckii. Poleg tega smo s pomočjo sekvenciranja v vseh vzorcih odkrili 
prisotnost zgodnjih filogenetskih skupin gliv (Chytridiomycota in Rozellomycota). Tako 
v ledu baze ledenikov na Svalbardu, kot v površinskem ledu ledenikov na Grenlandiji, so 
večino gliv predstavljale bazidiomicete (večinoma iz razreda Microbotryomyecets). 
Najpogostejša bakterijska debla, ki smo jih odkrili s sekvenciranjem, so bile 
Proteobacteria, Cyanobacteria, Chroloflexi, Armatimonadetes, Actinobacteria in 
Bacteroidetes. Z iskanjem lastnosti, ki so običajno povezane s patogenostjo za človeka, 
smo med okoljskimi arktičnimi glivami in bakterijami našli več termotolerantnih in 
hemolitičnih sevov, ki so bili pogosto odporni tudi proti antimikotikom ali antibiotikom. 
Interakcije med izbranimi vrstami gliv in ledeniškimi algami, ki s cvetenjem v 
površinskem ledu grenlandskega ledenega pokrova pospešujejo taljenje ledu, so nakazale 
ugoden in ne škodljiv vpliv gliv v začetku sezone taljenja ledu, z možnim prehodom v 
bolj saprofitsko obliko rasti, ko se kasneje v sezoni stanje alge začne slabšati. Iste vrste 
gliv so proizvajale protimikrobne spojine, ativne proti preizkušenim klinično pomembnim 
in okoljskim bakterijskim vrstam, kar kaže na njihovo sposobnost modulacije rasti drugih 
mikroorganizmov. 
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AB In order to advance our understanding of the microbiology of the quickly disappearing 
Arctic glaciers, sampling campaigns in two regions considered as the “hot spots” of polar 
microbiological research, Svalbard and Greenland, were performed. Samples of supra- 
and subglacial ice, cryoconite, snow, glacial meltwater, and supraglacial water were 
analysed for microbial diversity, with a combination of culture dependent and 
independent methods, and for microbial abundance. Cultivation allowed the isolation of 
around 500 pure cultures of fungi, belonging to 77 species (62 genera), and more than 200 
bacterial cultures belonging to 27 species (23 genera). Most frequent cultivated bacterial 
genera, common to both Greenland and Svalbard samples, were Cryobacterium, Massilia, 
Pseudomonas, and Sphingomonas. For fungi, the common genera were the psychrophilic 
basidiomycetous yeasts Mrakia, Phenoliferia, Callizyma, and the psychrotolerant 
filamentous Penicillium and Cladosporium. Callizyma is a novel genus isolated from 
Greenland and Svalbard, comprising two novel oligotrophic and psychrophilic species 
Callizyma psychrophila and Callizyma arctica. Amplicon sequencing of taxonomic 
markers uncovered a larger fungal diversity of glacial habitats compared to culturomics, 
and included some unexpected findings, such as the presence of the dermatophytic fungus 
Malassezia restricta and the extremely halotolerant black yeast Hortaea werneckii. 
Additionally, the sequencing revealed the presence of early-lineages fungi 
(Chytridiomycota and Rozellomycota) in all the collected samples. In both, Svalbard 
subglacial and Greenland Ice Sheet supraglacial habitats, fungal diversity was mainly 
composed of Basidiomycota (the majority belonging to the Microbotryomycetes class). 
The most common bacterial phyla recovered with NGS techniques were Proteobacteria, 
Cyanobacteria, Chroloflexi, Armatimonadetes, Actinobacteria, and Bacteroidetes. 
Screening for the expression of phenotypes commonly associated with human 
pathogenicity in environmental Arctic fungi and bacteria, highlighted the presence of 
thermotolerant and hemolytic strains, which were often also resistant to antifungals or 
antibiotics. Interactions between selected fungal species and glacier algae blooming on 
the surface ice of the Greenland Ice Sheet, contributing to its faster melting, indicated that 
fungi have a beneficial rather than detrimental impact at the beginning of the melting 
season. Their behaviour possibly switch to saprophytic later in the season when glacier 
algae start deteriorating. The same fungal species produced antimicrobial compounds 
active against tested clinically relevant and environmental bacterial species, pointing to 
their ability to modulate the growth of other microorganisms 
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1.1 SCIENTIFIC BACKGROUND 
 
A substantial part of the Earth’s biosphere is perennially exposed to temperatures below 5 °C. 
Within the biosphere, the cryosphere includes Earth’s surface in which water is present in its 
solid form (Miteva, 2008), such as sea ice, glaciers, ice sheets and ice shelves, lake ice, frozen 
ground, and snow (Vaughan et al., 2013), holding around 60% of the world’s freshwater (Oki 
and Kanae, 2006). Presently, around one-fifth of the lithosphere is covered by the cryosphere, 
including nearly 200 000 glaciers and two ice sheets (Pfeffer et al., 2014). The quintessential 
extreme cold areas are found in the Arctic region and Antarctic continent. Polar regions are 
very important climate controllers, they help in moderating temperatures in the temperate 
zones of the Earth and by that stabilize the weather (Anisimov et al., 2007). Located in the 
Earth northern hemisphere, the Arctic is a frozen ocean surrounded by continental landmasses 
and open oceans, covered with constantly shifting frozen sea ice. Within the Arctic, the 
Greenland Ice Sheet (GrIS) and Spitsbergen (Svalbard, Norway) are among the best-studied 
areas and considered “hot spots” of Arctic microbiological research. The GrIS holds the 
record of largest permanent ice mass of the northern hemisphere, covering an area of about 
1.7 million km2 (Abdalati and Steffen, 1995). The Svalbard archipelago, located in the Arctic 
Ocean, between Norway and the North Pole, is characterized by a particularly high number of 
polythermal glaciers (Glasser, 2011).  
Glaciers are dynamic systems with different thermal regimes, hydrological, physical, and 
geochemical characteristics. Broadly the glacial microbial habitats can be divided into 
supraglacial, englacial and subglacial ice, supraglacial water, snow and cryoconite holes - 
supraglacial melt pools considered important in the carbon/nutrient cycling dynamics 
(Hodson et al., 2008). Supraglacial ice refers to the surface environment of the glacier ice, 
characterized by large seasonal fluctuations with above-freezing air temperatures and high 
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UV radiation in summer and total darkness and sub-zero temperatures during winter. In 
contrast, the so-called subglacial ice (or deep ice) forms the base of the glacier, characterized 
by temperatures at or below 0 °C, with ice either permanently stuck to bedrock or sliding over 
bedrock on a thin layer of liquid water formed due to the pressure of the ice mass above. Due 
to the lack of light, subglacial ice is dominated by microbe-mediated weathering reactions 
(Foght et al., 2004; Skidmore et al., 2000). Subglacial ice is isolated from the rest of the 
glacier for most of the year. It only becomes connected during the summer melting season, 
when ablation creates enough meltwater to percolate through the glacier ice to the bed in the 
form of supraglacial streams and lakes, supplying a surface microbial inoculum, nutrients and 
oxygen to the glacier bed. 
Despite being considered devoid of life for a long time, glaciers have now been recognised as 
biomes (Anesio and Laybourn-Parry, 2012), estimated to be hosting 1029 cells (Anesio and 
Laybourn-Parry, 2012; Irvine-Fynn and Edwards, 2014; Anesio et al., 2017) belonging to all 
three domains of life (Margesin and Miteva, 2011). Due to harsh conditions, such as 
subfreezing temperatures (-56 °C to 0 °C), low water activity (aw), low nutrients availability, 
high hydrostatic pressure and UV radiations, cold habitats are considered one of the most 
inhospitable habitats for living organisms. Nevertheless, distinct active microbial 
communities have been found in the surface ice, characterized also by primary production 
(Stibal et al., 2012), in the glacier ice cores (Ma et al., 1999), as well as at the base of 
polythermal glaciers (Butinar et al., 2007). Microbes able to thrive in such extreme 
environments are either psychrophilic (if they are unable to grow at room temperature, and 
they have a growth temperature optimum below 15 °C) or psychrotolerant (if they tolerate 
very low temperatures, but have a growth temperature optimum above 20 °C) (Robinson, 
2001). In addition to Archaea, algae and protozoa, a wide diversity of psychrophilic and 
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psychrotolerant fungi (both yeasts and filamentous fungi) and bacteria inhabit the cryosphere, 
where they play important roles in the ecosystem (Margesin and Miteva, 2011; Anesio et al., 
2017). Most common species of bacteria retrieved from cold environments belong to 
Actinobacteria, Proteobacteria and Bacteroidetes phyla (Anesio et al., 2017), while 
particularly common fungal species belong the genera Cladosporium, Penicillium, 
Aspergillus, Alternaria, Thelebolus, Vishniacozyma, Rhodotorula, Mrakia and Glaciozyma 
(Gesheva et al., 2009; Luo et al., 2019; Butinar et al. 2007; de Hoog et al., 2005; Sonjak et 
al., 2006; Margesin et al., 2007; Turchetti et al., 2011). Recognized as a fundamental part of 
the Arctic’s microbial communities, fungal diversity is particularly rich and not fully 
explored, potentially harbouring several new species, with poorly defined roles in Arctic bio-
geochemical cycling processes (Gadd, 2007; Dahlberg et al., 2013).   
Glacial environments are considered fundamental barometers of climate change, showing 
substantial fluctuations in ice volume and area responding to changes in global temperatures 
(Boetius et al., 2015; Benn and Evans 2010). In comparison with the Antarctic glaciers, 
Arctic glacial habitats are even more sensitive to global warming, with an increase of the 
surface air temperature in the Arctic at more than double the global average over the last two 
decades (Meredith et al., 2019). Moreover, during the past 15 years, the Arctic experienced a 
massive sea ice loss, disrupting the thermal insulation previously provided by the sea ice, 
resulting in an amplification of the warming (Meredith et al., 2019). Climate change thus has 
and will continue to have profound consequences on Arctic ecosystems, including alterations 
of species composition, function and structure (Frainer et al., 2017). Due to their size, 
microorganisms can exploit air, ocean currents and melting of glaciers as dispersal vectors 
(Rogers et al., 2004; Pearce et al., 2009), overcoming geographical barriers and dispersing 
over wide distances (Bell, 2010; Chong et al., 2015). Since microbial ability to withstand 
extreme conditions can be linked to increased potential for causing opportunistic infection 
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(Gostinčar et al., 2018), altered climatic conditions could also contribute to the spreading of 
potentially opportunistic pathogenic species of bacteria and fungi or strains resistant to 
antimicrobials, which were previously sequestered in the frozen environments of the polar 
regions (Edwards, 2015; Revich and Podolnaya, 2011). Stressful conditions could trigger an 
acceleration of horizontal gene transfer (Marshall et al., 2009), enabling genes encoding traits 
naturally present in the environment, like hemolytic activity or antimicrobial resistance, to be 
transferred between habitats by bacteria, bacteriophages or mobile genetic elements. This 
could result in a global-scale redistribution of virulence factors and resistance genes (Marshall 
et al., 2009; Davies and Davies, 2010).  
Antimicrobial resistance is the natural or acquired capacity of microbes to counteract 
antimicrobial compound effects (Davies and Davies, 2010; World Health Organization WHO, 
2014), and it is largely considered as one of the biggest health challenges of the present time, 
leading to elevated mortality rates, greater medical costs, and prolonged hospital stays (World 
Health Organization WHO, 2014). Contrary to the fast emergence and high increase of 
acquired resistance mechanisms characteristic for bacteria, fungi evolve resistance gradually 
alternating physiological functions. Therefore, in case of antifungal resistance the major issue 
is not the acquired resistance, but the rise of novel opportunistic pathogens intrinsically 
resistant to commonly used antifungals (Perlin et al., 2017; Murray et al., 2015). Many 
studies so far highlighted the presence of antimicrobial resistance phenotypes and genotypes 
in cold adapted microorganisms and suggested that the polar regions can be considered 
benchmarks for the study of antimicrobial resistance in natural environments (Yuan et al., 
2014; Tam et al., 2015; Agnew et al., 2016; McCann et al., 2019). However, currently the 
knowledge about fungal/bacterial virulence factors production and multidrug resistance in 
glacial ecosystems is virtually non-existent and this prevents a proper assessment of the risks 
presented by the accelerating release of these microbes into the environment. 
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Spread of potentially pathogenic microorganisms is not the only potential unforeseen effect of 
the climate change. Microorganisms are implicated in various feedback loops that could 
accelerate the climate changes in unpredictable ways. One of such changes is the contribution 
of microbial growth to melting of the glaciers. The white surface of the ice typically reflects 
much of the sunlight. The so-called albedo is calculated as the amount of incident radiation 
reflected from an object, and in glacier environments it represents the surface reflectivity of 
the ice. Ice albedo is thus among the most essential factors regulating the rate of melting in 
the ablation zone of glaciers and in particular of the GrIS (Tedesco et al., 2015). Accordingly, 
the ice surface albedo has a major impact on the amount of meltwater produced on the ice 
sheet surface. The darker the ice surface, the lower the albedo, and greater the amount of light 
which is absorbed, accelerating the ice melting. Several independent factors can affect the 
variability of the surface albedo, such as snow grain size and light-absorbing impurities, such 
as air deposits or the presence of microorganisms (Tedesco et al., 2015). Over the past 30 
years, satellite imagery has identified bands of darker ice occurring on the GrIS surface, 
located especially in the South West area, during the ablation season (Dumont et al., 2014; 
Tedesco et al., 2015; Shimada et al. 2016). These bands are up to 100 km in width and have a 
lower albedo in comparison to the surrounding white ice (Oerlemans and Vugts, 1993). The 
affected region, now called the ‘Dark Zone’ (Tedesco et al., 2015), is primarily dark due to 
blooms of the pigmented glacier algae Mesotaenium berggrenii and Ancylonema 
nordenskiöldii (Yallop et al., 2012; Williamson et al., 2018, 2019). The pigment conveying 
the dark colour to the algal cells was recognised as purpurogallin carboxylic acid-6-O-b-D-
glucopyranoside (C18H18O12) (Remias et al., 2012), a polyphenol with various roles, including 
prevention of photoinhibition and protection against microbial attack (Remias et al., 2012; 
Anesio et al., 2017; Williamson et al., 2019). Glacier algae thus have an extensive impact on 
lowering the surface albedo (Yallop et al., 2012; Stibal et al., 2017; Musilova et al., 2017; 
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Ryan et al., 2018), increasing the melting that as a consequence provides additional melt 
water to the microorganisms, generating a positive feedback loop (van den Broeke et al., 
2017; Ryan et al., 2018). Presently, very little is known regarding the interactions between 
glacier algae, and other supraglacial microbial communities (Williamson et al., 2018; 
Nicholes et al., 2019). For example, there is limited knowledge about the role that fungal 
communities could play in the degradation and control or perhaps protection and proliferation 
of the ice algae (Brown et al., 2015). Fungi, known for their different symbiotic interactions, 
production of secondary metabolites and extracellular enzymes, could influence other 
microorganisms through different kinds of interactions, beneficial as well as detrimental 
(Meltofte et al., 2013; Rämä et al., 2017).  
Despite intensified efforts over the last decade, there are still major knowledge gaps about the 
fungal biodiversity and microbial communities inhabiting the European Arctic, especially 
when compared to the rest of the terrestrial biosphere. Yet, a thorough understanding of the 
microbial biodiversity and its functions is fundamental to understanding of this important and 
endangered ecosystem. To address these questions, fungal and bacterial diversity of glacial 
ice and water has been investigated with culturomic (Lagier et al., 2012) and NGS approaches 
from two different Arctic regions: Svalbard and Greenland. Potentially new species have been 
identified and fungal biomass estimated. Presence of virulence-associated phenotypes, such as 
growth at 37 °C, hemolytic ability and antimicrobial resistance, in environmental fungal and 
bacterial isolates have been assessed. Moreover, potential fungal-algal associations in the 
extremely cold environment of the dark GrIS have been studied.   
1.2 HYPOTHESES AND OBJECTIVES 
 
The proposed doctoral thesis aims to advance our understanding of the microbiology of the 
Arctic glaciers and their surroundings, a large, poorly understood and quickly disappearing 
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ecosystem. The objective of this work is to study the fungal and bacterial diversity in selected 
Svalbard glaciers (Arctic), Greenland Ice Sheet and selected fresh samples, characterise the 
physiology of isolated fungi and evaluate their antimicrobial activity and resistance.  
1. We hypothesise that the combination of culturomic approaches and NGS methods will 
uncover fungal and bacterial species that were previously not reported to be present in 
glacial ice or are unknown to science; 
2. We assume that there will be a diversity overlap between the glacial samples from 
different locations and also between glacial and surrounding habitats; 
3. We expect to identify some strains producing antimicrobials, some species presenting 
antibiotic resistant genes, and some carrying genes for virulence factors; 
4. We hypothesise that synergistic or antagonistic interactions will be observed between 
microorganisms living in glacial ice. 
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2 SCIENTIFIC WORKS 
2.1 Scientific work A 
 
 
Yeasts in Polar and Subpolar Habitats. 
 
 
Authors: Pietro Buzzini, Martina Turk, Laura Perini, Benedetta Turchetti, Nina Gunde-
Cimerman 
 
Published in the book: Yeasts in Natural Ecosystems: Ecology and Diversity. Pietro 
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2.2 Scientific work B 
 
 
Darkening of the Greenland Ice Sheet: fungal abundance and diversity are associated 
with algal bloom. 
 
 
Authors: Laura Perini, Cene Gostinčar, Alexandre M. Anesio, Christopher Williamson, 
Martyn Tranter, Nina Gunde-Cimerman 
 
Published in: Frontiers in Microbiology, 2019. doi: 10.3389/fmicb.2019.00557 
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2.3 Scientific work C 
 
 
Fungal and bacterial diversity of Svalbard subglacial ice. 
 
 
Authors: Laura Perini, Cene Gostinčar, Nina Gunde-Cimerman 
 
Published in: Scientific Reports, 2019. doi: 10.1038/s41598-019-56290-5
Perini L. Diverziteta in interakcije mikrobiote kriosfere.  




Perini L. Diverziteta in interakcije mikrobiote kriosfere.  




Perini L. Diverziteta in interakcije mikrobiote kriosfere.  




Perini L. Diverziteta in interakcije mikrobiote kriosfere.  




Perini L. Diverziteta in interakcije mikrobiote kriosfere.  




Perini L. Diverziteta in interakcije mikrobiote kriosfere.  




Perini L. Diverziteta in interakcije mikrobiote kriosfere.  




Perini L. Diverziteta in interakcije mikrobiote kriosfere.  




Perini L. Diverziteta in interakcije mikrobiote kriosfere.  




Perini L. Diverziteta in interakcije mikrobiote kriosfere.  




Perini L. Diverziteta in interakcije mikrobiote kriosfere.  




Perini L. Diverziteta in interakcije mikrobiote kriosfere.  




Perini L. Diverziteta in interakcije mikrobiote kriosfere.  




Perini L. Diverziteta in interakcije mikrobiote kriosfere.  




Perini L. Diverziteta in interakcije mikrobiote kriosfere.  




Perini L. Diverziteta in interakcije mikrobiote kriosfere.  




2.4 Scientific work D 
 
 
Two new basidiomycetous genera from Svalbard and Greenland glaciers: yeast 
Callizyma gen. nov. and dimorphic fungus Psychromyces gen. nov. 
 
 
Authors: Laura Perini, Kristina Andrejašič, Cene Gostinčar, Nina Gunde-Cimerman, Polona 
Zalar 
 
Manuscript to be submitted to: International journal of systematic and evolutionary 
microbiology
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Two new basidiomycetous genera from Svalbard and Greenland glaciers: yeast 1 
Callizyma gen. nov. and dimorphic fungus Psychromyces gen. nov. 2 
 3 
Laura Perini1,*, Kristina Andrejašič1, Cene Gostinčar1,2, Nina Gunde-Cimerman1, Polona 4 
Zalar1 5 
 6 
Authors affiliation: 1Department of Biology, Biotechnical faculty, University of Ljubljana, 7 
Jamnikarjeva 101, SI-1000 Ljubljana, Slovenia; 2Lars Bolund Institute of Regenerative 8 
Medicine, BGI-Qingdao, Qingdao 266555, China. 9 
*Correspondence: Laura Perini, lauraperini89@gmail.com 10 
 11 




Sampling campaigns in Greenland and Svalbard were executed to broaden the knowledge 16 
about fungal diversity in cold habitats. They led to identification of three undescribed 17 
psychrophilic and oligotrophic yeasts and yeast-like fungi. These isolates were very abundant, 18 
accounting for around 50% of the total cultivable diversity of basidiomycetes in our studies. 19 
The presence of these taxa was also detected with culture-independent methods. Based on 20 
phylogenetic analyses of ribosomal gene cluster sequences (D1/D2 domains of 28S, 18S, ITS 21 
with 5.8S rDNA) and sequences of household genes, elongation factor 1 alpha (TEF) and 22 
cytochrom B (CYTB) of pure cultures, the isolated taxa presented in this study could not be 23 
assigned to existing genera, therefore two new genera, Callizyma gen. nov. and Psychromyces 24 
gen. nov. were erected. They are closely related and belong to Basidiomycota, subphylum 25 
Perini L. Diverziteta in interakcije mikrobiote kriosfere.  
    Dokt. disertacija. Ljubljana, Univ. v Ljubljani, Medicinska fakulteta, 2020 
 
77
Pucciniomycotina, class Microbotryomycetes. The same dataset of sequences supported the 26 
recognition of three species: Callizyma arctica sp. nov. (ex type strain EXF-12713T =CBS 27 
000), Callizyma psychrophila sp. nov. (ex type strain EXF-12745T =CBS 000), and 28 
Psychromyces glacialis sp. nov. (ex type strain EXF-13111T =CBS 000).  29 
 30 
 31 
Basidiomycetous yeasts have a widespread distribution in cold environments and in particular 32 
in polar areas (Buzzini et al., 2017). Endemic as well as cosmopolitan psychrotolerant and 33 
psychrophilic species can be found (Yurkov et al., 2017). Due to their outstanding ability for 34 
surviving and thriving in such extreme environments they are studied for their 35 
biotechnological importance and as model organisms for adaptations to life at low 36 
temperatures (Gostinčar et al. 2008; Simon et al. 2009; Pathan et al. 2010; Buzzini and 37 
Margesin 2014; Kim et al. 2015; Alcaíno et al. 2015). 38 
In recent years, yeasts diversity in glacial habitats of polar (Antarctic and Arctic) and non-39 
polar areas has been investigated with culture-dependent and independent methods (Butinar et 40 
al., 2007; Arenz and Blanchette, 2011; de Garcia et al., 2012; Edwards et al., 2013; Luo et al., 41 
2018; Saito et al., 2018; Perini et al., 2019a; Perini et al., 2019b). These studies reported 42 
considerable numbers of new taxa, for instance within the following genera: Mrakia, M. 43 
robertii, M. blollopsis, M. psychrophila (Xin and Zhou, 2007; Thomas Hall et al., 2010), 44 
Rhodotorula, R. arctica (Vishniac and Takashima, 2010); Phenoliferia, P. psychrophenolica, 45 
P. psychrophila, P. glacialis (Wang et al., 2015); Glaciozyma, G. watsonii, G. martinii, G. 46 
antarctica (Turchetti et al., 2011), emphasizing the great, rich and still only partially explored 47 
diversity. 48 
Two years ago, sampling campaigns in Greenland and Svalbard (Perini et al., 2019a; Perini et 49 
al., 2019b) allowed the isolation of 168 yeasts, 150 of them belonging to the phylum 50 
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Basidiomycota. Of these, around 50% belonged to unknown taxa, found in these habitats also 51 
through amplicon sequencing of ITS2 (Perini et al., 2019a; Perini et al., 2019b). Here we 52 
propose two genera Callizyma gen. nov. and Psychromyces gen. nov., to accommodate three 53 
novel species Callizyma arctica, Callizyma psychrophila and Psychromyces glacialis that are 54 
phylogenetically related to the genera of Microbotryomycetes: Glaciozyma, 55 
Oberwinklerozyma, Yamadamyces, Phenoliferia and Kriegeria. 56 
 57 
HOME HABITAT AND ISOLATION 58 
Cryoconite, snow, supraglacial ice (clear ice), supraglacial ice dominated by dark pigmented 59 
glacier algae (dark ice), and supraglacial water samples were collected from the SW margin of 60 
the Greenland Ice Sheet during a fieldwork campaign in July 2017 (Perini et al., 2019a) 61 
(Table 1). Fieldwork site was located at around 60 km east of Kangerlussuaq, within the so-62 
called “dark zone” characterized by extensive algal blooms (Box et al., 2012). Subglacial ice 63 
and glacial meltwater were collected from three polythermal glaciers (Midtre Lovénbreen, 64 
Pedersenbreen and Vestre Brøggerbreen), situated in the Kongsfjorden area, Ny-Ålesund 65 
(Svalbard, Norway) in August 2017 (Perini et al., 2019b) (Table 1). 66 
  67 
Table 1 Sampling area and time, sample types and GPS coordinates of the sampling locations. 68 






Greenland Ice Sheet 
Snow 










78°53'37" N 12°04'13" E 
Glacial meltwater 78°53'25" N 12°03'15" E 
Vestre Brøggerbreen Subglacial ice 78°54'55" N 11°45'48" E 
Pedersenbreen Subglacial ice 78°52'46" N 12°17'57" E 
 69 
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All the samples were handled with sterile nitrile gloves and obtained using sterilized tools to 70 
avoid any contamination. Samples were collected into sterile Whirl-Pak® plastic bags or 71 
sterile plastic bottles, and processed within a few hours of their collection at the primary ice 72 
camp on the Greenland Ice Sheet and the NERC Arctic Research Station (Ny-Ålesund). 73 
Samples were filtered and incubated at 15 °C on six different media as described by Perini et 74 
al. (2019a, 2019b). All strains obtained were deposited in the Ex Culture Collection of the 75 
Infrastructural Centre Mycosmo (MRIC UL) at the Department of Biology, Biotechnical 76 
Faculty, University of Ljubljana, Slovenia. 77 
A total of 150 basidiomycetous yeasts were isolated from all the samples (Svalbard and 78 
Greenland). The isotypes of all the new species were deposited in the CBS culture collection 79 
of the Westerdijk Fungal Biodiversity Institute, Utrecht. 80 
Strains described in this study are listed in Table 2. 81 
Table 2 List of strains considered in the present study and the data on isolationand source, GenBank accession numbers of: 82 
D1/D2 domains of 28S rRNA gene, ITS and SSU rRNA genes, and protein encoding translation elongation factor 1-α 83 






GenBank Accession numbers  
D1/D2 RNA ITS SSU CYTB TEF1 
12685 Callizyma sp. GrIS 
Supraglacial 
water 




















































































Subglacial ice MK670500 MN983231 - - - 
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GrIS Clear ice MK454795 - - - - 
12392 Callizyma arctica GrIS 
Supraglacial 
water 
MK454819 MN983241 - - - 
12405 Callizyma arctica GrIS Dark ice MK454808 - - - - 
12516 Callizyma arctica GrIS Dark ice MK454809 - - - -- 
12519 Callizyma arctica GrIS 
Supraglacial 
water 
MK454812 - - - - 
12522 Callizyma arctica GrIS 
Supraglacial 
water 
MK454816 - - - - 
12524 Callizyma arctica GrIS 
Supraglacial 
water 
MK454818 MN983242 - - - 
12686 Callizyma arctica GrIS 
Supraglacial 
water 
MK454827 MN983243 - - - 
12687 Callizyma arctica GrIS 
Supraglacial 
water 
MK454813 MN983244 - - - 
12688 Callizyma arctica GrIS 
Supraglacial 
water 
MK454814 - - - - 
12689 Callizyma arctica GrIS 
Supraglacial 
water 
MK454815 MN983245 - - - 
12692 Callizyma arctica GrIS 
Supraglacial 
water 
MK454820 MN983246 - - - 
12696 Callizyma arctica GrIS 
Supraglacial 
water 
MK454825 - - - - 
12697 Callizyma arctica GrIS 
Supraglacial 
water 
MK454822 MN983247 - - - 
12711 Callizyma arctica GrIS Dark ice MK454805 - - - - 
12713 
TYPE 
Callizyma arctica GrIS Clear ice MK454798 MN983248 - MT260394 MT260390 
12715 Callizyma arctica GrIS Clear ice MK454800 - - - - 
12728 Callizyma arctica GrIS Dark ice MK454804 MN983249 - - - 
12868 Callizyma arctica GrIS Cryoconite MK454803 MN983250 - - - 
12872 Callizyma arctica GrIS 
Supraglacial 
water 
MK454826 MN983251 - - - 
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13086 Callizyma arctica GrIS Clear ice MK454828 MN983252 - - - 































































































GrIS Clear ice - MK460393 - - - 
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PHENOTYPIC CHARACTERIZATION  85 
The yeast strains from this study were initially isolated  on the following culture media: 86 
potato dextrose agar (PDA), oatmeal agar (OA), synthetic nutrient agar (SNA) and Reasoner's 87 
2A agar (R2A), all supplemented with chloramphenicol (50 µg/L). Morphological characters 88 
of pure cultures were observed on PDA, MEA, OA, and CMA (Dalmau plating) grown at 15 89 
°C. For the codes used to describe colony colour we refer to Kornerup and Wanscher 90 
(Kornerup & Wanscher, 1967). Microscopic characters were observed with Nomarski 91 
interference contrast optics on Olympus BX-51 microscope, micrographs were recorded with 92 
DP-12 camera (Olympus). To test the occurrence of teleomorphic structures, 14-day-old yeast 93 
cultures were pair crossedon SGA (soytone 0.2%; glucose 0.2%; agar 2%), malt extract agar 94 
(MEA), yeast extract malt extract agar (YMA), soytone–glucose agar (SG) and water agar (20 95 
g l 1H2O agar) (Kurtzman et al., 2011) and incubated at 15 °C for 6 months. The production 96 
of hyphae and teliospores was checked regularly. All possible combinations between strains 97 
belonging to the same species and also between those belonging to different species described 98 
in this paper were investigated.  99 
Fermentation of D-glucose was tested in liquid medium with a 2 % solution of sugar 100 
(Kurtzman et al, 2011). Assimilation of carbon and nitrogen sources were studied for a 101 
selection of strains (EXF-12745, EXF-12713, EXF-12689, EXF-13111 and EXF-12419) on 102 
three different sets of Phenotypic MicroArray (PM; Biolog) plates, PM1 MicroPlate and 103 
PM2A MicroPlate for carbon metabolism, and PM3B MicroPlate for nitrogen metabolism 104 
(Supplementary material, Table S1). We followed the protocol described in Viti et al. (2015), 105 
modified by Šibanc et al. (2016). In short, above mentioned strains were grown on potato 106 
dextrose agar (PDA) for 14 days at 15 °C. An aliquot of cells was suspended in water, 107 
adjusted to reach a turbidity transmittance of 62 % in all yeast strains, but not in filamentous 108 
ones.  Aliquots of 0.25 ml were added to minimal medium (IFY-0 1.2x) lacking either carbon 109 
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(for PM1 and PM2A) or nitrogen (for PM3B) sources, Redox Dye Mix E (100 x) and one of 110 
the two PM (12 x) additives. The PM additives were prepared as sterile solutions: (i) 12 x 111 
nitrogen/phosphorus/sulphur (NPS; 60 mM L-glutamic acid monosodium, 60 mM potassium 112 
phosphate monobasic anhydrous (pH 6.0) and 24 mM sodium sulphate) solution used for 113 
PM1 and PM2A; and (ii) 12 x carbon/phosphorus/sulphur (CPS; 1.2 mM D-glucose, 60 mM 114 
potassium phosphate monobasic anhydrous (pH 6.0) and 24 mM sodium sulphate) solution 115 
used for PM3B. PM plates were incubated at 15 °C for 41 days, and the absorbance was 116 
measured at 590 and 750 nm (A590, A750) on a CytationI3 Imaging reader employing Gen5 117 
Microplate Reader and Imager Software (BioTek Instruments). The readings of absorbance 118 
were taken at day 0, 9, 16, 27, 35 and 41 of incubation for a set of strains (described later on 119 
as Callizyma); while the tests of Psyhcromyces strains were read at day 0, 7, 17, 27 and 42. 120 
Masurements were compared to a negative control that consisted of the base media for PM1, 121 
PM2A and PM3B without carbon or nitrogen source, and additionally to the measurement of 122 
individual well before the incubation of the PM. The PM tests were interpreted as positive for 123 
absorbance >0.2 after 16 days of incubation, delayed if such values were observed only after 124 
17 days of incubation, weak for absorbance between 0 and 0.2 after 27 days of incubation, 125 
and negative for values <0. Plates were also inspected visually to ensure that absorbance 126 
changes corresponded to the change of colour due to the reduction of included tetrazolim dye 127 
(Redox Dye Mix E). 128 
PHYLOGENY 129 
For the phylogenetic analyses, genomic DNA of isolates that potentially represented novel 130 
species was extracted using PrepMan Ultra reagent (Applied Biosystems, Foster City, CA, 131 
United States) according to the manufacturer instructions. DNA of filamentous cultures was 132 
extracted after mechanical lysis in CTAB buffer according to the protocol of Gerrits van der 133 
Ende et al. (1999). Regions/genes used in the phylogenetic analyses include the small subunit 134 
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(SSU) rRNA gene, partial large subunit (LSU) rRNA gene including its D1/D2 domain, the 135 
internal transcribed spacers 1 and 2 including the 5.8S rRNA gene (ITS), partial sequences of 136 
genes encoding for translation elongation factor 1-α (TEF1) and cytochrome b (CYTB)]were 137 
amplified and sequenced with the following primer sets: NS1/NS24, NL1/NL4, ITS1/ ITS4, 138 
EF1-983F/EF1-2218R, E1M4/E2mr3, respectively (White et al., 1990, Rehner et al., 2005; 139 
Wang et al., 2008]. Phylogenetic analyses were based on separate analyses of ribosomal genes 140 
(SSU, D1/D2 28S, 5.8S), CYTB, and TEF1, as well as concatenated analyses of all above 141 
mentioned lociRibosomal genes were alligned  in MEGA7 using ClustalX (Kumar et al., 142 
2016), corrections were made by hand.Encoding genes were initially aligned using the above 143 
mentioned programs and algorythms, and hand aligned according to aminoacid translations. 144 
The best model of nucleotide substitution was estimated with jModelTest 2.1.10 (Darriba et 145 
al. 2012) and was used as the custom model (model “010230”) input to PhyML to estimate 146 
the phylogenetic trees (Guindon et al. 2010). aLRT as Chi2 based support was used for 147 
calculation of branch supports. The alpha parameter of the gamma distribution of substitution 148 
rate categories and the proportion of invariable sites were estimated by PhyML. Additionally, 149 
phylogenies were reconstructed from the same alignments using MrBayes 3.2.7 (Ronquist et 150 
al., 2012). Two substitution types of the 4by4 model and gamma distributed rates with a 151 
proportion of invariable sites (approximated with 4 categories of gamma distribution) were 152 
used for the estimation through 10 million generations (sampling every 100 generation), 2 153 
runs of 15 chains each, heated at temperature 0.2 (LSU and 5.8S) or 0.05 (ITS) and discarding 154 
the first 25% trees from the final consensus tree. 155 
 156 
For the analysis of the fungal community by amplicon sequencing, the total genomic DNA 157 
was extracted in triplicate from filtered biomass and 1 g of cryoconite sediment as described 158 
by Perini et al. (2019a, b). The PCR amplification of the fungal internal transcribed spacer 2 159 
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(ITS2) region from DNA was performed using the primers ITS4-Fun and 5.8S-Fun (Taylor et 160 
al., 2016) in three reactions per sample. The sequencing of the fungal amplicons was 161 
performed on an Illumina MiSeq V3. The sequencing data were processed in QIIME2 162 
(Boylen et al., 2018) as described by Perini et al. (2019a, b). Among the set of representative 163 
sequences the ones similar to Callizyma arctica, Callizyma psychrophila and Psychromyces 164 
glacialis were identified with BLAST (Altschul et al., 1990) and added to the set of sequences 165 
recovered from cultures and from databases. Maximum likelihood tree was estimated with 166 
PhyML as described above. 167 
 168 
Blast searches based on the ITS and LSU (details not shown) suggested that 74 strains could 169 
not be identified to species level and that they belong to three currently undescribed species of 170 
the Microbotryomycetes (Pucciniomycotina). According to pair-wise comparisons, sequences 171 
of the new species differ by 82-97 (92-95) basepair differences of the ITS (D1/D2 28S rDNA) 172 
from sequences of ex-type material of Glaciozyma, Phenolyferia, Sampaiozyma ingeniosa, 173 
Leucosporidium fellii, Rhodotorula “svalbardensis” and Oberwinklerozyma yarrowii (Table 174 
3).  175 
Table 3 Nucleotide substitutions in the sequences of ITS region and the D1/D2 domain of the LSU rRNA gene in type 176 
strains of Callizyma sp., Psychromyces sp. and selected close species. Values above the diagonal are number of 177 
nucleotide substitutions in the D1/D2 domain of the LSU rRNA gene. Values below the diagonal are number of 178 
nucleotide substitutions and sequence similarity (%, in parentheses) in the sequences of the ITS and LSU region. 179 
 180 
Phylogenetic analyses of ITS and D1/D2 domains of 28S sequences placed representatives of 181 















































5 (99.1) 15 (97.4) 28 (95.1) 27 (95.3) 29 (94.9) 34 (93.9) 29 (94.9) 18 (96.9) 28 (95.1) 28 (95.1) 34 (94.1) 24 (95.7)
Callizyma arctica EXF-12713
T
14 (97.4) 14 (97.6) 33 (94.2) 26 (95.5) 28 (95.1) 33 (94.1) 32 (94.4) 19 (96.7) 33 (94.3) 33 (94.2) 35 (93.9) 29 (94.8)
Callizyma sp. EXF-12685 45 (91.4) 42 (92.0) 29 (94.9) 28 (95.1) 26 (95.5) 37 (93.4) 32 (94.2) 21 (96.3) 29 (94.9) 35 (93.9) 40 (93.0) 35 (93.7)
Psychromyces glacialis EXF-13111
T
59 (88.7) 54 (89.6) 51 (90.3) 31 (94.6) 31 (94.6) 40 (92.8) 23 (96.0) 20 (96.5) 0 (100) 31 (94.5) 35 (93.8) 30 (94.6)
Glaciozyma antarctica CBS 5942
T
96 (81.6) 93 (82.1) 97 (81.9) 95 (81.9) 7 (98.9) 11 (98.1) 29 (95.3) 24 (96.1) 31 (94.6) 36 (94.0) 37 (94.0) 31 (94.9)
Glaciozyma watsonii CBS 10986
T
98 (81.0) 93 (82.0) 94 (82.3) 90 (82.7) 43 (92.8) 16 (97.1) 31 (95.0) 26 (95.8) 31 (94.6) 37 (93.7) 39 (93.7) 33 (94.5)
Glaciozyma martinii CBS 10620
T
85 (83.1) 82 (83.7) 77 (85.1) 76 (85.0) 40 (93.4) 37 (93.6) 39 (93.4) 34 (94.3) 40 (92.8) 44 (94.7) 43 (92.3) 37 (93.2)
Phenoliferia glacialis CBS 10436
T
63 (87.5) 64 (87.3) 59 (88.4) 44 (91.3) 96 (83.8) 94 (83.2) 85 (85.4) 13 (98.0) 23 (96.0) 28 (95.5) 32 (94.8) 27 (95.5)
Phenoliferia psychrophenolica CBS 10438
T
76 (85.0) 73 (85.5) 73 (85.9) 54 (89.4) 110 (81.6) 109 (80.6) 94 (83.8) 21 (96.5) 20 (96.5) 27 (95.7) 31 (95.0) 20 (96.7)
Rhodotorula svalbardensis MBL-I
T
59 (88.7) 54 (89.6) 51 (90.3) 0 (100) 95 (81.9) 90 (82.7) 76 (85.0) 44 (91.3) 54 (89.4) 31 (94.6) 35 (93.9) 30 (94.6)
Sampaiozyma ingeniosa CBS 4240
T
63 (87.6) 59 (88.3) 54 (89.4) 55 (89.2) 81 (86.5) 81 (85.2) 72 (87.3) 65 (88.8) 79 (86.3) 55 (89.2) 22 (96.3) 30 (94.8)
Leucosporidium fellii CBS 7287
T
68 (86.9) 64 (87.6) 67 (87.1) 65 (87.5) 88 (85.6) 88 (84.2) 67 (88.4) 67 (88.5) 76 (87.0) 65 (87.5) 55 (90.9) 39 (93.5)
Oberwinklerozyma yarrowii CBS 7417
T
81 (84.5) 80 (84.6) 89 (83.2) 82 (84.3) 127 (79.8) 120 (79.7) 106 (82.5) 75 (87.6) 89 (85.3) 82 (84.3) 88 (85.2) 102 (83.1)
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propose the new genera names Callizyma or Psychromyces, respectively. Within the 183 
Microbotryomycetes, Callizyma or Psychromyces are phylogenetically closely related with 184 
representatives of the genus Glaciozyma, G. antarctica and Oberwinklerozyma yarrowii (Fig. 185 
1). Further analyses based on concatenated SSU, ITS, LSU sequences of the rDNA and 186 
sequences of two partial protein-encoding genes, TEF and CYTB, were done by recruiting 187 
sequences especially of the Microbotryomycetes published by Wang et al (2015a, b). The 188 
obtained phylogenetic tree was similar to the tree published by Wang et al. 2015b and 189 
confirmed the inferences obtained from ITS and LSU data (Fig. 1). Monophyly of G. 190 
antarctica (Camptobasidiaceae), Oberwinklerozyma yarrowii (incertae sedis within 191 
Microbotryomycetes) and Callizyma or Psychromyces was statistically strongly supported 192 
(ML-BS, 99%; BI-PP, 1.00) (Fig. 1). Single locus analysis of TEF sequences also supported 193 
monophyly of these four genera. Analysis of concatenated rDNA sequences (supplemental 194 
fig. X2) and single locus analysis of CYTB sequences supported monophyly of Callizyma, 195 
Psychromyces and G. antarctica. Most phylogenetic inferences suggested a sistergroup 196 
relationship of G. antarctica and Callizyma, and sistergroup relationship of this clade with 197 
Psychromyces  198 
 199 
Callizyma 200 
The Bayesian analysis of a larger selection of ITS sequences of Callizyma strains (Fig. 2A) 201 
supported the recognition of three species, of which two are recognized here as new species, 202 
C. phychrophila and C. arctica. The D1/D2 rDNA (ITS) sequence of C. arctica strain EXF-203 
12713 differed from the D1/D2 rDNA (ITS) sequence of G. antarctica strain CBS 5942 by26 204 
nt (93 nt) and resulted in a sequence similarity of 95.5 (82.1) %. Sequence differences within 205 
the three Callizyma lineages 0.9 % (5 nt) in D1/D2 domains of 28S rDNA, and 2.6 % (14 nt) 206 
in ITS. When comparing ITS sequences almost no variability was noted within C. 207 
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psychrophila and some within C. arctica (Fig. 3A). Strains CBS 8941 (AY040665) from 208 
Antarctica, deposited by Thomas-Hall, Watson & Fell in 2001 as “Glaciozyma antarctica, 209 
new Antarctic yeast”, BL58-2 (AB474396),  isolated from Russian glacier ice core in Siberia 210 
(Uetake et al. 2011) and EXF-12745 (C. psychrophila) had identical ITS sequences. The third 211 
potential species of Callizyma, represented by EXF-12685, is the most distant within the 212 
genus. D1/D2 domains of 28S rDNA (ITS) sequences of this strain differed by 2.4 % or 14 nt 213 
(8%, 42 nt) from C. arctica strain EXF-12713. A similar comparison with C. psychrophila 214 
strain EXF-12745 resulted in 2.6%, 15 nt (LSU) or 8.6%, 45 nt (ITS) (Table 3). 215 
Unfortunately, EXF-12685 did not survive deep freezing preservation, which is why it could 216 
not be taxonomically considered.  217 
Pink to reddish gray colony colours characterize Callizyma on PDA (Fig. 5, 6). Growth on 218 
other media was extremely slow, therefore we abandoned this concept. The isolates were 219 
strictly yeast-like in growth, developed pseudomycelia, but no true mycelium and no 220 
teliospores. The closest representatives of the genus Glaciozyma were all described as yeasts, 221 
forming white, yellowish white to cream colonies, with predominantly polar budding. 222 
Budding yeast cells are ovoid to elongate, pseudo and true hyphae are present in mature 223 
culture and abundant capsules may be formed. The sexual mechanisms are not well known, 224 
but intercalary and terminal teliospores are produced by all the species with or without (G. 225 
antarctica) clamp connections. Homotalic as well as heterothallic strains are described in G. 226 
antarctica, while other species (Turchetti et al., 2011; Kachalkin, 2014). Crossings of strains 227 
of C. psychrophila and C. arctica, or strains of C. psychrophila from Svalbard and Greenland 228 
did not result in sexual mating. All Callizyma strains showed a slow colony development, 229 
which is also why only weak and delayed results were obtained in assimilation tests. 230 
Assimilation of nitrate and nitrite, and D-glucosamine, D-ribose, L-arabinose, sucrose, and, 231 
weakly, D-raffinose characterize Callizyma and distinguish it from Glaciozyma. Ability to use 232 
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nitrate and nitrite is especially characterizing Glaciozyma (Supplemental Table 1 – 233 
assimilation tests).  234 
 235 
Psychromyces 236 
Bayesian phylogenetic inferences analysis based on ITS sequences revealed Psychromyces as 237 
an unresolved clade (Fig. 3B). A number of 16 nucleotide substitutions out of 526 distinguish 238 
two groups of strains, represented by EXF-13111 and EXF-12419 (Fig. 3B). Exploration of 239 
the clade with additional phylogenetic marker genes (TEF and CYTB) did not yield any 240 
further phylogenetic structuring (Fig. 1). Accordingly, only a single species, P. glacialis, 241 
could be recognized. Strains with highly similar or identical ITS and LSU sequences were 242 
found also in other studies of Arctic glacial environments and supported cladification in two 243 
phylogenetically unresolved subgroups within Psychromyces, that are paraphyletic. Strains 244 
EXF-13111, 126476, 12545, 12886, 12991 belong to one, and strains EXF12419, 12623, 245 
12398, 12718, 13156, 124554, 12890, 12708, 13154, 12420, 12604, 12984, 12626 belong to 246 
the other group, as demonstrated also by figures. 2B and 3B. Strains from the Qaanaaq 247 
(represented by KY782280, KY782283) and Russell glacier (KY782281, KY782282), both 248 
from Greenland (Singh et al., unpublished; Fungal diversity and biotechnological potentials of 249 
Cryoconites), and a strain from cryoconite hols from glaciers in Svalbard (KC333170) 250 
(Edwards et al., 2013) clustered with the ITS of EXF-13111. The second group is represented 251 
by strain EXF-12419. Its ITS sequence is almost identical with the ITS of strain MLB-I 252 
(JF805370) and CBS 12863 (= JCM 19699, JCM 19700, MTCC 10952) (AB734690) from a 253 
cryoconite soil of the Midre Lovenbreen glacier in Ny-Alesund, Svalbard (Singh et al. 2014).  254 
Singh et al. (2014) erected the name Rhodotorula “svalbardensis” for strains MLB-I and 255 
CBS 12863, however,  the name Rhodotorula svalbardensis is not validly published because 256 
two gatherings, strains  MLB-I (CCP-II) and CRY-YB-1, were assigned as type (Turland et 257 
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al., 2018, Shenzhen Code, Art. 8.1 and Art. 40.2) The species was also not registered in a 258 
name depository databases such as Mycobank. Colony characteristics and microscopic 259 
characters described by Singh et al. (2014) clearly suggest conspecificity of strains MLB-I 260 
(CCP-II), CRY-YB-1, and several strains we obtained from Svalbard and Greenland. 261 
However, although we assume that our strains were isolated as yeast cells, only a single 262 
strain, EXF-13111, retained its ability to grow as a yeast after two years of deep freezing 263 
preservation, while sixteen other strains are purely filamentous after deep freezing 264 
preservation. Singh et al. (2014) described and illustrated ellipsoidal vegetative cells, 5.8–8.3 265 
x 4.2–7.5 µm (mean 7 x 5.9 µm), occurring singly or in groups. According to our observation, 266 
these cells most likely represent teliospores. Teliospores in our strains were typically globose 267 
to subglobose and had a diameter of 3 to 4 µm, however, also spores up to 11 µm and of 268 
variable shapes were seen, depending on the culture condition and age of culture. Singh et al. 269 
(2014) also described, however, not illustrated unilateral or occasionally multilateral budding 270 
cells that we observed only in strain EXF-13111. The yeast phase can be maintained with 271 
subculturing of yeast colonies, but in approx. 1 month incubation, colonies start to develop 272 
filaments and with time become strictly filamentous. The observed yeast cells in strain EXF-273 
13111 are oblong and measure (5–) 7.5 +/-3 (St.Dev.)(–12) µm x (3–) 3.5 +/- 0.5 (–4) µm. 274 
Budding was uni- , bi- or multilaterally and occurred solitarily directly on the mother cell or 275 
on sympodially proliferating, up to 5 µm long stalks. Daughter yeasts formed on terminal or 276 
lateral, sympodially proliferating stalks had so far been described for certain Bullera species 277 
(Kurtzman et al., 2011). Some of the yeast cells in EXF-13111 prolonged to more than 20 µm 278 
long structures, and form a pseudomycelium like structures. Strains described by Singh et al. 279 
(2014) formed up to 1.45 µm wide, septate hyphae. The presence of clamped, as well of 280 
hyphae without clamps was observed in some strains we obtained in our study. Typically, the 281 
width of clamped mycelium was 2.5 µm in strain EXF-12419, while hyphae without clamps 282 
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were typically narrower up to 2 µm and densely septated. In the strain EXF-13111 non-283 
clamped mycelium had a width of approx. 1.5 µm. If filamentous colonies were subcultured, 284 
they remained filamentous. 285 
 286 
Figure 1 Phylogenetic tree based on alignment of concatenated SSU, ITS, LSU sequences of the rDNA and sequences of two 287 
partial protein-encoding genes, TEF and CYTB, estimated by Maximum Likelihood Estimation. The tree includes 288 
representatives of Psychromyces glacialis gen. et sp. nov., Callizyma gen. nov. and representative species of genera of 289 
Microbotryomycetes. A total 10 million generations were calculated and the first 25% were discarded before the shown 290 
consensus tree was calculated from trees sampled every 100 generations. The numbers given on branches are frequencies at 291 
which the individual clades appeared in the sampled trees. ML supports are in blue. MrBayes supports are in green for the 292 
groups that are the same in both trees. For the groups that are different in the MrBayes tree the support for the alternative 293 
cluster/node is given in red 294 
 295 
 296 
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Figure 2 Phylogenetic trees based on alignment of the D1/D2 domains of the 26S rDNA and the 5.8S rDNA, estimated by 298 
Bayesian inference. The tree includes representatives of (A) Psychromyces glacialis gen. et sp. nov. rooted with Phenoliferia 299 
psychrophenolica, and (B) Callizyma gen. nov., unrooted. A total 10 million generations were calculated in each case and the 300 
first 25% were discarded before the shown consensus trees were calculated from trees sampled every 100 generations. The 301 
numbers given on branches are frequencies at which the individual clades appeared in the sampled trees. 302 
 303 
 304 
Figure 3 Minimum Spanning Network based on ITS alignment showing intra-species variabilities between the 305 
Callizyma sp.  and Psychromyces sp.  306 
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Figure 4 Maximum likelihood tree based on ITS2 sequences obtained in NGS study of glacial environments in Svalbard and 308 
the Greenland Ice Sheet, and on ITS sequences of Callizyma psychrophila, Callizyma arctica, Callizyma sp., and 309 
Psychromyces glacialis EXF-12419T pure cultures. 310 
 311 
 312 
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The sampling of a relatively small area on Greenland Ice sheet discovered three coexisting 314 
closely related genera, two newly described, Callizyma and Psychromyces, and the already 315 
described Glaciozyma. Based on data provided by culture independent experiments we can 316 
conclude that these taxa are present also in other glacial environments and geographic 317 
locations. The genus Callizyma has a circumpolar distribution, since it is present also in 318 
Antarctica. This is in agreement with Cox et al. (2016), which assert that the same taxa can be 319 
found on both poles, as shown by NGS studies on Arctic and Antarctic soil fungal 320 
communities. The genus Psychromyces has been so far recorded only in the Arctic (Greenland 321 
and Svalbard) glacial environments.Both new taxa, Callizyma and Psychromyces, were found 322 
in surprisingly high frequencies in the sampled environments, yet only rarely from previous 323 
studies from similar habitats (Turchetti et al., 2011; Saito et al., 2018; Luo et al., 2018), 324 
highlighting the heterogeinity of fungal communities in the glaciers and suggesting the 325 
presence of temporary and spatial environmental filters leading to a patchy distribution of 326 
fungal species within habitats. None of the species was so far found in snow. Up to two 327 
additional presumably new taxa were found in the study, but their cultures could not be 328 
maintained long enough in the laboratory conditions to enable a description of new taxa. This 329 
indicates that glacial environments harbor a substantial still uncharacterised fungal diversity, 330 
which should be investigated in the future using novel approaches for the isolation, cultivation 331 
and preservation of strains. Results from this study highlighted the power deriving from the 332 
combination of culture-dependent and independent strategies in assessing yeast diversity in 333 
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DESCRIPTION OF CALLIZYMA GEN. NOV. Perini & Zalar 338 
Callizyma (Calli- Kalos = beautiful; -zyma N.L. -zymo or -zym from Gr. fem. n. zume, 339 
referring to leaven = yeasts). Belongs to phylum Basidiomycota, subphylum 340 
Pucciniomycotina, classis Microbotryomycetes. The genus is circumscribed based on 341 
phylogenetic analyses shown in Fig. 1, having genus Glaciozyma as closest relative. Cultures 342 
are yeast-like, coloured pinkish. Yeasts divide by budding and fission. Yeast cells are ovoid to 343 
elongate, capsules are not present. Pseudohyphae are present. Sexual reproduction is not 344 
known. Oligotrophic, assimilated C- sources: D-ribose, D-arabinose, dihydroxy acetone, 345 
assimilated N-sources: L-Cysteine, Alloxan. Glucose is not fermented. Urease reaction is 346 
positive. The maximal growth temperature is 15 °C. Type species is Callizyma psychrophila f. 347 
a. (Perini & Zalar). 348 
 349 
The MycoBank accession number is MB 834186. 350 
 351 
Type species: Callizyma psychrophila (Perini & Zalar) 352 
 353 
Species accepted:  Callizyma psychrophila (Perini & Zalar) MB 834187 354 
   Callizyma arctica (Perini & Zalar) MB 834188 355 
 356 
DESCRIPTION OF CALLIZYMA PSYCHROPHILA F.A. (PERINI & ZALAR)  357 
 358 
Callizyma psychrophila f.a. (GK psychros cold, phyleo love; cold loving) 359 
After 14 days at 15 °C on PDA agar, the streak cultures are mucoid to membranous, orange 360 
white (Methuen 5A2) to pinkish white (Methuen 8A2), with minute colonies. Growth on 361 
other media, as YPD, MEA, OA, is much slower, colonies almost not visible after 14 days. 362 
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After 2 months of growth on PDA at 15 °C, the colonies reach 2 – 4.5 mm in diameter, are 363 
either purplish white (Methuen 14A2), pastel pink (Methuen 11A3), greyish rose (Methuen 364 
B3) to reddish gray (Methuen 11B3). The surface is either glistening or ridged having a 365 
membranous structure, raised with entire or undulating margin. On PDA, OA, YPD yeasts are 366 
one or two celled, filled with storage granules, oblong, (3-) 5.5 +/- 2 (-9) x (2-) 3.5 +/- 1 (-5) 367 
µm, two celled can reach up to 13 µm in length, occurring singly, or form weak 368 
pseudomycelium. Budding is predominantly polar (Fig. 4). 369 
Fermentation is absent. The species is oligotrophic. The following compounds are 370 
assimilated: D-glucose (weak), D-glucosamine, D-ribose, 2-deoxy-D-ribose, D-raffinose 371 
(weak), L-sorbose (weak), D-tagatose (weak), L-xylose, D-xylose (weak), DL-arabinose, 372 
sucrose (delayed), maltose (delayed), glycerol (weak), DL-lactic acid (delayed), succinic acid 373 
(weak). The following compounds are not assimilated: D-galactose, trehalose, melezitose, 374 
inulin, ribitol, D-glucitol, D-mannitol, (D-glucono-1,5-lactone), citric acid, ethanolamine, 375 
nitrate, L-malic acid, ethylamine, DL-lysine, L-rhamnose, methyl a-D-glucoside, cellobiose, 376 
salicin, melibiose, lactose, raffinose, erythritol, xylitol, galactitol, myo-inositol, DLM-tartaric 377 
acid, nitrite, creatine. Hydrolysis of urea is positive. Growth at 5, 10, 15 °C is positive, no 378 
growth at 20 °C. In the genera Glaciozyma and Leucosporidium, the sexual stage normally 379 
develops after mating of sexually compatible strains, although in some cases, self-fertile 380 
strains have been reported. Since in the present case a sexual stage was not observed, the 381 
novel species is described as forma asexualis (f.a.). 382 
 383 
Holotype designated herewith: EXF-12745 (Culture Collection of Extremophilic Fungi Ex, 384 
University of Ljubljana, Slovenia); isotype CBS 00000, permanently preserved in a 385 
metabolically inactive state, deriving from EXF-12745; Greenland Ice Sheet near 386 
Kangerlussuaq (60 km east of), 67°04′43′′ N 49°20′29′′ W, isolated from cryoconite hole, in 387 
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July 2017, by Laura Perini. DNA sequence accession numbers derived from type (Table 2): 388 
MK454802 (D1/D2 rRNA), MN983240 (ITS). MycoBank accession number is MB 834187. 389 
 390 
Other examined strains: EXF-12597, -12576, -13103, -12968, -12584, -13102 from subglacial 391 
ice, EXF-13102 from glacial meltwater, all from Svalbard, collected by L. Perini in August 392 
2017; EXF-12406 from dark ice, Greenland, collected by L. Perini in July 2017.  393 
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Figure 4 Morphology sp. Callizyma psychrophila f.a.  396 
4 (a) – (d): Cultures of C. psychrophila on PDA in 9 cm Petri dishes after 2 months of incubation at 15 °C. (a) EXF-12597, 397 
(b) EXF-13102, (c) EXF-12968, (d) EXF-12745T. Micromorphology of cells in water, (e, f) EXF-12745T on PDA, 14 days, 398 
(g) EXF-12745T on OA, 28 days, (h) EXF-12968 on PDA and (i) on OA, (j) EXF-12576 on PDA, (k, l) EXF-12745T on OA 399 
stained with calcofluor white. (k) EXF-12586 on PDA. Scalebar indicated on fig. (k) 20 µm is valid also for figures (e) and 400 
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DESCRIPTION OF CALLIZYMA ARCTICA F.A. (PERINI & ZALAR) 405 
Callizyma arctica f.a. (arc’ti.ca. L. fem. adj. arctica northern, Arctic, referring to the 406 
geographical area from which the first strains were isolated). 407 
After 14 days at 15 °C in PDA agar, the streak cultures are mucoid, reddish white (Methuen 408 
8A2, 11A2), with minute colonies. After 2 months at 15 °C, the colonies reach 2–4 mm in 409 
diameter, are either pastel pink (Methuen 8A2) to pink (Methuen 11A5). The surface is either 410 
glistening or rough with a wrinkled structure, and the margin is almost entire in the glistening 411 
colony type, and undulate in rough colony type. Yeasts are one or two celled, oblong, (3-) 5 412 
+/- 2 ( -9) x (2-) 3 +/- 0,6 (-4), some cells swell to round, up to 10 µm large structures, 413 
containing a single large vacuole. Yeasts are occurring singly or in clusters. Budding is 414 
predominantly uni- and bi-polar (Fig. 5g), but also multipolar (Fig. 5k). Pseudohyphae 415 
observed in some strains on OA (Fig. 5 l).  416 
Fermentation is absent. The species is oligotrophic. The following compounds are 417 
assimilated: D-glucose (weak), D-glucosamine (C-source), D-ribose, 2-deoxy-D-ribose, D-418 
raffinose (weak), L-sorbose (weak), D-tagatose (weak), L-xylose, D-xylose (weak), 419 
melezitose (weak),  D-arabinose, L-arabinose (weak), sucrose (weak), maltose (weak), DL-420 
lactic acid (delayed). The following compounds are not assimilated: D-galactose, trehalose, 421 
inulin, ribitol, D-glucitol, D-mannitol, (D-glucono-1,5-lactone), glycerol, citric acid, 422 
ethanolamine, nitrate, L-malic acid, ethylamine, DL-lysine, L-rhamnose, methyl a-D-423 
glucoside, cellobiose, salicin, succinic acid, melibiose, lactose, raffinose, erythritol, xylitol, 424 
galactitol, myo-inositol, DLM-tartaric acid, nitrite, creatine. Hydrolysis of urea is positive. 425 
Growth at 5, 10, 15 °C is positive; no growth is evident at 20 °C. Sexual stage was not 426 
observed; therefore, the species is described as forma asexualis (f.a.). 427 
Holotype designated herewith: EXF-12713 (Culture Collection of Extremophilic Fungi Ex, 428 
University of Ljubljana, Slovenia); isotype CBS 00000, permanently preserved in a 429 
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metabolically inactive state, deriving from EXF-12713; Greenland Ice Sheet near 430 
Kangerlussuaq (60 km east of), 67°04′43′′ N 49°20′29′′ W, isolated from clear ice, in July 431 
2017, by Laura Perini. DNA sequence accession numbers derived from type (Table 2): 432 
MK454798 (D1/D2 rRNA), MN983248 (ITS). MycoBank accession number is MB 834188. 433 
 434 
 435 
Other examined strains: EXF-12689 from supraglacial water, EXF-13086 from clear ice, 436 
Greenland, collected in August 2017 by L. Perini.  437 
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Figure 5 Morphology of Callizyma arctica f.a. 439 
5 (a–c): Cultures of Callizyma arctica on PDA in 9 cm Petri dishes after 2 months of incubation at 15 °C: (a) EXF-12713T, 440 
(b) EXF-12689, (c) EXF-13086. Micromorphology of cells in water: (d) EXF-12689 on PDA after 14 days, (e) after 2 441 
months, (f) EXF-12713T on PDA after 14 days, (g, h) on OA after 2 months, (i) EXF-12689 on OA forming pseudohyphae, 442 
(j–l) EXF-12713T on OA stained with calcofluor white. Scale bar indicated on fig. (j) 20 µm is valid also for figures (d) and 443 
(e) - 400 x magnification; Scale bar indicated on fig. (h) 5 µm is valid also for figures (f), (g), (i), (k), (l) - 1000 x 444 
magnification.  445 
 446 
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Callizyma psychrophila differed from Callizyma arctica in several phenotypic characteristics, 447 
such as colony colour and morphology, colony and cell size. Moreover, Callizyma 448 
psychrophila was able to weakly assimilate glycerol and succinic acid as opposite of 449 
Callizyma arctica that was instead able to weakly assimilate melezitose. Callizyma arctica 450 
was isolated from all sampled environments in Greenland, with no evidence of a clear 451 
preference for specific habitats. Callizyma psychrophila occurred in cryoconite, dark ice, clear 452 
ice, supraglacial water in Greenland and in subglacial ice and glacial meltwater in Svalbard. 453 
None of the species were recovered from snow. An identical ITS sequence to C. 454 
psychrophila, GenBank accession no. AY040665 (strain CBS 8941), was published on NCBI 455 
web page in June 2001 by Thomas-Hall, S. R., Watson, K. and Fell, J. W., under the name 456 
Antarctic yeast “Glaciozyma antarctica”. No published studies refer to this strain. Another 457 
100% identical ITS sequence (AB474396) originated from the study of ice core in Syberia 458 
(Uetake et al., 2011). Based on these data, C. psychrophila has a circumpolar distribution. At 459 
the same time Callizyma arctica was until now found only in Greenland samples of this study. 460 
On the D1/D2 level, three 100% identical LSU sequences (JQ768846, AB558448, 461 
AY040647) were published in NCBI database. The first sequence (JQ768846) source was 462 
named Basidiomycota sp. TP-Snow-Y73 by Shao and Ma and was isolated from glacier 463 
surface snow of the Tibetan plateau (China), but no publication has been linked to the strain. 464 
The second sequence (AB558448) was produced by Uetake et al. (2012). The strain was 465 
isolated from glacial surface ice and snow of the Gulkana glacier (Alaska), and named 466 
Basidiomycota sp. GU54. In the article (Uetake et al., 2012), this strain is clustering with the 467 
third sequence (AY040647) found, belonging once again to the strain CBS 8941 (Thomas-468 
Hall, Watson and Fell). 469 
 470 
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The third novel Callizyma species was recognised based on ITS and D1/D2 sequences of a 471 
single strain, EXF-12685, but was not described because the strain died after being preserved 472 
at -80 °C.  473 
 474 
DESCRIPTION OF PSYCHROMYCES GEN. NOV. Perini & Zalar 475 
Psychromyces (psychro- refers to psychrophilic nature, -myces refers to fungus). Belongs to 476 
phylum Basidiomycota, subphylum Pucciniomycotina, classis Microbotryomycetes. The 477 
genus is circumscribed based on phylogenetic analyses shown in Fig. 1, having the genera 478 
Callizyma, Glaciozyma, Oberwinklerozyma, Yamadamyces, Phenolipheria, and Kriegeria as 479 
closest relatives. Cultures are filamentousand pink. Hyphae are septate, clamp connections are 480 
present. Oblong intercalary chlamydospores are produced after one month of incubation. No 481 
yeast cells observed. Sexual reproduction is not known. Urease reaction is negative. The 482 
maximal growth temperature is 15 °C. Type species is Psychromyces glacialis f. a. (Perini & 483 
Zalar). 484 
 485 
The MycoBank accession number is MB 834189. 486 
 487 
Type species: Psychromyces glacialis (Perini & Zalar) 488 
 489 
Species accepted: Psychromyces glacialis (Perini & Zalar) MB 834190 490 
 491 
DESCRIPTION OF PSYCHROMYCES GLACIALIS F.A. (PERINI & ZALAR)  492 
Psychromyces glacialis f.a. (Latin glaciālis, from glaciēs (“ice”). 493 
After 14 days at 15 °C in PDA agar, the streak cultures are mucoid, orange white (Methuen 494 
5A2), with filamentous margin, 2-6 mm in diam. After three months at 15 °C, the colonies 495 
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reach up to 40 mm in diameter, become pale red to pastel red (Methuen 7A3, 8B4), are mat 496 
and filamentous. Synnemata-like dense bundles of hyphae are formed (Fig. 6c) after 14 days. 497 
No yeast cells are formed. Mycelium is with clamps, hyphae (2) 2.5 (-4) µm wide, branched 498 
(Fig. 6g, I, f). After prolonged incubation time, numerous chlamydospores are produced 499 
intarcalarly (Fig. 6h, j-l). Chlamydospores oblong, (5.5-) 8 x 10 (-13) µm.   500 
Holotype designated herewith: EXF-12419 (Culture Collection of Extremophilic Fungi Ex, 501 
University of Ljubljana, Slovenia); isotype CBS 00000, permanently preserved in a 502 
metabolically inactive state, deriving from EXF-12419; Greenland Ice Sheet near 503 
Kangerlussuaq (60 km east of), 67°04′43′′ N 49°20′29′′ W, isolated from dark ice, in July 504 
2017, by Laura Perini. DNA sequence accession numbers derived from type (Table 2): 505 
MK454861 (D1/D2 rRNA), MK460401 (ITS). MycoBank accession number is MB 834190. 506 
 507 
 508 
Other examined strains: EXF-12984 from suglacial ice of Midtre Lovénbreen glacier, 509 
Svalbard, collected in August 2017 by L. Perini, EXF-12454 from cryoconite, Greenland, 510 
collected in July 2017 by L. Perini.  511 
 512 
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Figure 6 Morphology of Psychromyces glacialis f.a. 514 
6 (a–b): cultures of Psychromyces glacialis EXF-13111 at 15 °C: (a) PDA, Dimorphic culture after 3 weeks of incubation, (b) 515 
PDA, yeast culture grown from a single yeast colony after 1 month of incubation, (c) PDA, filamentous culture grown from 516 
the margin of a filamentous colony after 1 month of incubation; (d–g) teliospores grown on (d) CMA, Dalmau plate after 1 517 
month of incubation in 60 % lactic acid, (e) PDA, margin of filamentous colony after 10 weeks of incubation in 60 % lactic 518 
acid, (f) PDA, yeast part of colony after 3 weeks of incubation, mounted in water, (g) PDA, filamentous colony after 3 519 
weeks, coloured with calcofluor white; (h–n) yeast cells, (h, i, m, n) PDA, from dimporhic culture after 3 weeks of 520 
incubation, (h–i) mounted in water, (m–n) stained with calcofluor white (l) PDA, dimorphic culture in water after 1 month of 521 
growth on PDA, rudimentary pseudohyphae; (i–m) PDA, budding cells on short or long denticles, (n) PDA, yeast cells with 522 
inclusions.  523 
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Psychromyces glacialis is unique in Microbotryomycetes in the strictly filamentous nature of 524 
its cultures and complete lack of yeast stage. In old cultures intercalary chlamydospores 525 
developed. The D1/D2 and ITS sequences of type strain and subgroup 1 are 100% identical to 526 
the strain MLB-I isolated from cryoconite sediment in Svalbard, named as “Rhodotorula 527 
svalbardensis” by Singh et al. 2014. The name was not validly published, since it is not in 528 
compliance with two articles of the International Code of Nomenclature for algae, fungi, and 529 
plants (Turland et al., 2018, Shenzhen Code): with Art. 40.2, because two gatherings, MLB-I 530 
(CCP-II) and CRY-YB-1, were designated as types; and with Art. 8.1 due to the single 531 
herbarium / collection / institution where the single type specimen or strain is deposited was 532 
not identified. The species was also not registered in Mycobank or other name depository 533 
databases. Although, the morphology of colonies and microscopic data presented would be in 534 
agreement with our strains.  535 
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Phenotypes associated with pathogenicity: their expression in Arctic fungal isolates. 
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Abstract  17 
Dark pigmented glacier algae Ancylonema nordenskiöldii and Mesotaenium berggrenii reduce 18 
the ice albedo of Greenland Ice Sheet, thus amplifying the changes in the global climate by 19 
increasing the ice melting. Despite the intensifying and spreading bloom of the dark algae, 20 
very little information is available about their interactions with other members of the ice 21 
microbial community, including fungi. To address this significant knowledge gap, a co-22 
cultivation experiment with two new species of fungi, dominant in the surface dark ice in 23 
Greenland (Penicillium anthracinoglassei, and Articulospora sp.) was performed. The aim 24 
was to define whether algal-fungal interactions have a positive or negative impact on glacier 25 
algal survival and bloom development. Penicillium was shown to be capable of degrading the 26 
dark algal pigment, purpurogallin carboxylic acid-6-O-b-D-glucopyranoside (C18H18O12), 27 
possibly using the sugar moiety as a nutrient source. Articulospora sp. did not degrade 28 
purpurogallin carboxylic acid-6-O-b-D-glucopyranoside, but unlike Penicillium 29 
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anthracinoglassei formed symbiotic, lichen-like structures with the algae. Pulse Amplitude-30 
Modulated fluorometry measurements indicated that Articulospora sp. increased the fitness of 31 
the algae after three weeks of incubation. Both fungal microcosm partners produced a variety 32 
of secondary metabolites at low temperature. Here we present the first findings detailing these 33 
interactions, and discuss the potential role of fungi in glacier algal bloom development and 34 
degradation. 35 
 36 
Key words:  37 
Greenland Ice Sheet, purpurogallin, purpurogallin aglycone, HPLC, SEM, light microscopy 38 
 39 
Introduction 40 
The Greenland Ice Sheet (GrIS) melting has increased considerably over the last years. Much 41 
attention has been given to the possible consequences of this process, including the 42 
contribution to global sea-level rise (Hanna et al. 2008; Rignot et al. 2011). One reason for 43 
accelerated melting is the lowering of the ice albedo due to dark coloration of ice, which is 44 
most pronounced in SW Greenland (Box et al. 2012). Dark ice absorbs more solar irradiation, 45 
facilitating and accelerating the melting. Darkening of the ice is caused primarily by dark 46 
pigmented glacier and snow algae, and to a lesser extent by bacteria, mineral dust and black 47 
carbon (Cook et al. 2019). The main dark species of glacier algae found on the GrIS are 48 
Mesotaenium berggrenii and Ancylonema nordenskioeldii, two species belonging to the 49 
Zygnematophyceae class, the closest living relatives of terrestrial plants (Wodniok et al. 2011; 50 
Remias et al., 2012). HPLC analysis of the aqueous raw extract of M. berggrenii shows the 51 
presence of a dark pigment identified as purpurogallin carboxylic acid-6-O-b-D-52 
glucopyranoside (C18H18O12) giving the brownish colour to snow algae (Dial, Ganey, and 53 
Skiles 2018). The structure of the compound includes a benzotropolone backbone, hydroxyl 54 
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and carboxyl groups and a sugar moiety (glucopyranoside) (Remias et al., 2012). This 55 
glycosylated purpurogallin derivative is a polyphenol that has been previously known only 56 
from higher plants (Remias et al., 2012), particularly from fermented leaves of Camellia 57 
sinensis (black tea) and Quercus crispula nutgalls (Imai et al. 2009). A subunit of 58 
purpurogallin, pyrogallol, is one of the potential metabolic shunt-products in the pathway of 59 
lignin synthesis (Wu et al. 2017). Purpurogallin may be formed from pyrogallol (Honda et al. 60 
2017), which is decarboxylated gallic acid, widely distributed in plants as tannin (Honda et al. 61 
2017). Primarily, purpurogallin has a photoprotective activity, shielding the chloroplasts from 62 
the very high UV intensities present in summer on the GrIS (Williamson et al., 2020), but this 63 
phenolic pigment may also play a role in defending the algae from microbial attack (Anesio et 64 
al. 2017). 65 
Fungi have been identified on the GrIS only recently and the dark zone of the Greenland Ice 66 
Sheet was found to harbour a diverse and abundant fungal community (Perini et al., 2019a). 67 
Culture-dependent methods, verified by ergosterol quantification, showed up to 105 CFU/100 68 
ml of glacial ice. In comparison with other analysed types of ice, such as cryoconite, dark ice 69 
mycobiota contained a high number of species otherwise known as endophytes and plant 70 
pathogens, suggesting that dark glacier algae, the major primary producer of the system, 71 
might act as a reservoir and environmental filter, shaping the associated microbial diversity 72 
and abundance. Among the dominating fungi in dark ice samples were the novel yeast species 73 
Callizyma arctica, Callizyma psychrophila, Psychromyces glacialis, and the meristematic 74 
black fungus Oleoguttula mirabilis, previously described only in the Antarctic (Perini et al. 75 
2019a). Overall, two filamentous fungi were noteworthy; Penicillium anthracinoglassei was 76 
the only Penicillium that was also recovered from dark ice, and Articulospora sp. was 77 
observed in close association with glacier algal clumps (Perini et al., 2019a)  78 
Perini L. Diverziteta in interakcije mikrobiote kriosfere.  
    Dokt. disertacija. Ljubljana, Univ. v Ljubljani, Medicinska fakulteta, 2020 
 
143
Interactions between microorganisms are particularly important for the colonisation and 79 
survival of communities in stressful environments (Braga et al., 2016). While this importance 80 
is increasingly recognised, very little is known about the interactions between glacier algae 81 
and other supraglacial microbial communities. In various ecosystems, fungi are known to be 82 
important players in nutrient cycling, they can act as predators, pathogens and parasites and 83 
form symbiotic associations with plants, algae, animals and other organisms (Naranjo-Ortiz 84 
and Gabaldón 2019). In particular, lichens populate a widespread range of extreme 85 
environments (de Carvalho et al., 2019; Cornelissen et al., 2001). The symbiotic associations 86 
between fungus (mycobiont) and algae-like organisms (photobionts) are not always well 87 
defined. In borderline lichens (Kohlmeyer, Hawksworth, and Volkmann-Kohlmeyer 2004) or 88 
lichenoids, interactions can range from mutualistic to parasitic and saprobic (Gargas et al. 89 
1995).  90 
Potential fungal-algal associations in the extremely cold environment of the GrIS have gained 91 
further importance with the recent publication of the ‘white’ evolutionary scenario of fungal 92 
terrestrialisation. According to Naranjo-Ortiz and Gabaldón (2019), fungi may have first 93 
adapted to non-aquatic life in osmotically stressed icy environments and were only then able 94 
to colonise the land.  95 
In the present study we focussed on two novel species of fungi: Articulospora sp. and 96 
Penicillium anthracinoglassei, and on their potential interactions with glacial algae. Mixed 97 
samples of non-cultivable glacial algae and other associated microbes were obtained directly 98 
from the Greenland Ice Sheet and kept in the dark and in the fridge at 4 °C until we performed 99 
ex-situ incubation experiments, to investigate potential positive or negative impacts of fungi 100 
on ice algae. The data supporting a possible use of the purpurogallin carboxylic acid-6-O-b-101 
D-glucopyranoside pigment as a carbon source by the fungi, fungal influence on algal 102 
photosynthetic capabilities and a symbiotic lichenoid-like relationship are discussed. Details 103 
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for both the fungal species used in the experiment and description of Penicillium 104 
anthracinoglassei are also provided. In order to test the possible growth modulation of third 105 
microbial partners of the mixed community, the ability of antimicrobial compounds 106 
production was tested in the fungal species used for the microcosm experiments. These fungal 107 
algal interactions are of particular importance due to the scale of changes occurring in the 108 
extremely cold environment of the GrIS, which may represent a suitable large-scale natural 109 
model for fungal Cryogenian evolution. 110 
 111 
Materials and methods 112 
Description of sampling site and samples  113 
Sampling for the fungal isolation was performed in the Southwest ablation zone of the 114 
Greenland Ice Sheet (GrIS) in 2016 (July–August), and 2017 (June–July) melting seasons. 115 
Glacier algae for the co-cultivating experiment were recovered from ice collected ∼60 km 116 
east of Kangerlussuaq (67°04′43′′ N 49°20′29′′ W), within the so called ‘dark zone’, 117 
characterized by extensive ice algal blooms and consequently, by low albedo (Yallop et al., 118 
2012; Stibal et al., 2017; Williamson et al., 2018; Perini et al., 2019a). Samples of surface ice 119 
containing high ice algal abundance (104 cells/ ml) – hereafter referred to as dark ice – were 120 
collected using a clean ice saw down to a 2 cm depth and clean, disposable nitrile gloves. Ice 121 
samples were transferred into sterile Whirl-Pak® plastic bags. Samples were kept in the 122 
fridge and in the dark until transportation to the laboratory at the University of Bristol, UK. 123 
 124 
Isolation of fungi  125 
For isolation of cultivable fungi, ice was collected and melted aseptically at in situ air 126 
temperature (approx. 4 °C). The samples were filtered, processed, and incubated as described 127 
in Perini et al. (2019a). Additionally, melted ice and glacier algae, concentrated via hand 128 
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centrifugation, were directly inoculated (100 µl of the concentrate) in triplicates on minimal 129 
medium (MM), synthetic nutrient-poor agar (SNA), dichloran rose bengal chloramphenicol 130 
agar (DRBC), Reasoner’s 2A agar (R2A), and dichloran 18% glycerol (DG18) and spread 131 
with a Drigalski spatula. Pure cultures of the identified fungal isolates were deposited in the 132 
Ex Culture Collection of the Infrastructural Centre Mycosmo (MRIC UL) at the Department 133 
of Biology, Biotechnical Faculty, University of Ljubljana, Slovenia. 134 
Identification of fungi  135 
DNA from pure fungal cultures was extracted as described by Perini et al. (2019a). For 136 
filamentous fungi a portion of rDNA including ITS region 1, 5.8S rDNA and ITS region 2 137 
(ITS) was amplified using ITS5 and ITS4 primers (White et al. 1990). For yeasts domains D1 138 
and D2 of LSU rDNA gene were amplified using NL1 and NL4 primers (Wolf, Boekhout, 139 
and Kurtzman 1996). The ITS and LSU nucleotide sequences were determined by Sanger 140 
sequencing, performed by Microsynth AG, Switzerland. MUSCLE software (Edgar 2004) 141 
implemented in MEGA5 package (Tamura et al. 2011) was used to align the sequences. 142 
Maximum likelihood method implemented in MEGA 5 (Tamura et al. 2011) was used to 143 
build phylogenetic trees, which were used to identify the unknown sequence by its proximity 144 
to the closest type and reference sequences previously retrieved with the BLAST software 145 
from the National Centre for Biotechnology Information (NCBI) GenBank database (Altschul 146 
et al. 1990). 147 
 148 
Co-cultivation experiment setup 149 
Surface ice samples, characterized by a mixed microbial community of bacteria, fungi and 150 
algae, were homogenised, transferred into vented sterile cell culture flasks (Corning Inc, 151 
USA), and kept at +4 °C in the dark for three days prior to the start of the incubation 152 
experiment. To establish the initial glacier algae maximum light utilization efficiency in the 153 
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dark (Fv/Fm) and so assess their health status prior the experiment, 3 mL of the sample was 154 
run through Pulse Amplitude-Modulated (PAM) fluorometry. 155 
Once the health of glacier algae was assessed, they were transferred to a 10 L Duran bottle, 156 
previously cleaned with 15% hydrogen peroxide and washed with sterile milliQ water, 157 
wrapped in ice packs to ensure that the suspension remained cold. The Duran bottle was 158 
continuously stirred to prevent algal cells from sinking and ensuring a homogenous 159 
distribution between treatments. A sterile glass cylinder was used to divide the suspension 160 
randomly between sterile culture flasks (Corning Inc, USA) – final volume of 250 ml. A 161 
sterile filter unit contained a 0.45 µm polycarbonate filter (Whatman, England) was used to 162 
remove glacier algae for fungal controls treatments. The filtrate from each unit was divided 163 
between cell culture flasks for the respective treatment. 164 
The incubation comprised of 5 treatments in triplicates with containing varying combination 165 
of glacier algae (Ancylonema nordenskiöldii and Mesotaenium berggrenii), and fungi 166 
Penicillium anthracinoglassei EXF-11445, and Articulospora sp. EXF-13072, isolated from 167 
surface dark ice (Table 1). 168 
Glacier algae Mesotaenium berggrenii and Ancylonema nordenskioeldii (treatment 1) were 169 
incubated with 5% inoculum of Penicillium anthracinoglassei spores (treatment 3) and 170 
Articulospora sp. mycelium (treatment 2), since the latter does not sporulate in culture.  171 
Epifluorescence microscopy (Fuchs-Rosenthal haemocytometer (hemocytometer 0.2 depth, 172 
1/16 mm2, Lancing, UK) on a Leica DM 2000 epifluorescence microscope) was used to 173 
determine the initial algal concentration (5 x 103 cells/ml, resembling ambient concentration 174 
in dark ice (103 – 104 cells/ ml)) and the initial Penicillium anthracinoglassei spores inoculum 175 
concentration (3 x 106 spores/ml). Articulospora sp. dry biomass inoculum was measured as 176 
1.74 mg/ml (8.7 mg in 5 ml). Sterile spore suspension solution was added to treatment 1 to 177 
account for any additional nutrients that may be available from this substrate.  178 
Perini L. Diverziteta in interakcije mikrobiote kriosfere.  
    Dokt. disertacija. Ljubljana, Univ. v Ljubljani, Medicinska fakulteta, 2020 
 
147
Table 1 The five different treatments in the incubation experiment. AMBIENT indicates presence in environmental 179 
concentrations, whereas INOCULUM indicates an addition of fungal inoculum at 5% v/v concentration.                  180 
Penicillium anthracinoglassei spores inoculum concentration was 3 x 106 spores/ml                                                181 
Articulospora sp. dry biomass inoculum was 1.74 mg/ml. 182 
Treatment  Glacier algae Articulospora sp. 
Penicillium 
anthracinoglassei 
1 Glacier algae (control) AMBIENT AMBIENT AMBIENT 
2 
Co-culture of glacier algae – 
Articulospora sp. EXF-13072 
AMBIENT INOCULUM - 
3 
Co-culture of glacier algae – Penicillium 
anthracinoglassei EXF-11445 
AMBIENT - INOCULUM 
4 Articulospora sp. (control) - INOCULUM - 
5 Penicillium anthracinoglassei (control) - - INOCULUM 
 183 
The flasks were incubated at 4 °C under 14/10 h cycle of light-darkness (181.45±24.5 µmol 184 
m-2 s-1 PAR), for 5 months. Light/dark cycles were adopted in the experimental setup because, 185 
although the sampling location is above the polar circle, a clear reduction in light conditions 186 
during the evenings was observed during sampling. A parallel experiment with dark 187 
conditions was performed for all treatments, wrapping the flasks with aluminium foil, and 188 
incubated at the same temperature as for the light treatment/condition. The culture flasks were 189 
mixed every other day as samples were randomly reorganised to ensure an even distribution 190 
of light across all samples. 191 
Samples for light microscopy, scanning electron microscopy, and pulse amplitude-modulated 192 
(PAM) fluorometry were collected in triplicates at five time points (the same day, after one, 193 
two, three weeks and after two and five months). 194 
Light microscopy 195 
For the determination of the morphological characteristics and monitoring of interactions 196 
between fungi and algae, microscope slides were prepared from incubations and mixed (1:1) 197 
with water solution of 0.1% (w/v) Poly-L-lysine. The slides were examined under oil 198 
immersion with a BX51 microscope (Olympus, Japan) by differential interference contrast 199 
(DIC), at up to 100× magnification. Digital micrographs were taken with DP73 digital camera 200 
(Olympus, Japan), and analyzed using the cellSens software (Olympus, Japan). 201 
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Scanning Electron Microscopy (SEM) 202 
Fixation of the co-cultivation samples was performed for three-dimensional observation of the 203 
interactions and was prepared as follows. One hundred µl of hypotonic fixatives (0.5% 204 
Glutaraldehyde + 0.2% PFA) were added to 100 µl of sample in sterile Eppendorf tubes and 205 
incubated at room temperature up to 2 hours. The sample was then washed for 3 times with 206 
500 µl of phosphate buffer (7.2 – 7.4 pH) for 7 min. Thereafter, the sample was transferred on 207 
a polycarbonate membrane (pore size 200 nm) in a filtrating column system, where two drops 208 
of 0.25% OsO4 were added. Optimization of the fixation with 0.25% of OsO4 allowed the 209 
visualization of well-preserved algal cells. Higher percentages (1%) of OsO4 caused the algae 210 
to shrink and flatten. The stainless steel filter holder was closed with parafilm and the sample 211 
incubated under cabinet for 20-30 min. The sample was then washed for 3 times with 500 µl 212 
of milliQ water for 3 min. The dehydration process started by addition and consequent 213 
removal of increasing EtOH concentration: EtOH 50% (5 min), EtOH 70% (3 min), and 214 
EtOH 90% (3 min). In the last step of dehydration acetone 100% was added to the sample for 215 
3 min × 3 times. Four drops of acetone 100% and two drops HMDS were then added to the 216 
sample for 3 min. Consequently, additional two (3 min) and four (3 min) drops of HMDS 217 
were included to the previous chemicals. Two more steps of incubation with HMDS (4 drops) 218 
were performed: the first was removed after 3 min, the second one was left until evaporation 219 
under safety cabinet. After fixation protocol, the filter with the fixed sample was placed on a 220 
carbon disk attached to a metal bead, covered it with platinum, and analyzed with scanning 221 
electron microscope. 222 
Photophysiology 223 
Pulse Amplitude-Modulated (PAM) fluorometry was used for evaluating algal 224 
photophysiology changes in different co-cultivation treatments in light and dark conditions at 225 
each time point (up to five months incubation). Due to the lack of algae in the treatments, 226 
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fungal controls were not analysed. Rapid light technique was used to determine the relative 227 
electron transport rate (rETR) in relation to irradiance (Perkins et al. 2006). A Walz Water-228 
PAM chlorophyll Fluorometer consisting of a PAM-control with attached cuvette emitter-229 
detector WATER-ED unit (Walz, Germany) was used. Prior to the analysis, samples were 230 
dark adapted for 5 minutes (dark adapted measurement of Fv/Fm). Water-PAM was 231 
programmed to run rapid light curves with 9 incremental light steps of 20s duration. The 232 
actinic light levels ranged from 0-3480 mmol photons m-2 s-1 photosynthetically active 233 
radiation (PAR), calibrated using a cosine corrected sensor LI-COR Quantum Sensor (LI-234 
COR Instruments, Lincoln, NE, USA). A saturating pulse of duration 600 ms at 10 000 mmol 235 
m-2 s-1 PAR was used. Rapid light curves were analyzed with WinControl software (Walz, 236 
Germany). 237 
The measured photosynthetic parameters were Fv/Fm (maximum light utilization efficiency in 238 
the dark, relative units), alpha or α (maximum light use coefficient, relative units), rETRmax 239 
(maximum relative Electron Transport Rate, relative units) and Ek (light saturation coefficient, 240 
μmol m-2 s-1 PAR).  241 
HPLC – Co-cultivation experiment secondary metabolites 242 
Samples for secondary metabolites extractions (150 ml total volume) were prepared as 243 
explained in the co-cultivation experiment set up section and incubated as independent 244 
experiments. Secondary metabolites were extracted after three weeks, two months and five 245 
months of incubations from all the treatments both in light and dark incubations, and analyzed 246 
by high-performance liquid chromatography (HPLC) (Frisvad and Thrane, 1987 as modified 247 
by Nielsen et al. 2011). Samples (150 ml) were transferred to Erlenmeyer flasks previously 248 
cleaned with acetone 100% to eliminate any organic residues remaining. One-hundred and 249 
fifty ml of ethyl acetate solution containing 1% of formic acid were added to the samples. 250 
Flasks were then placed into an Ultrasonic bath with addition of ice to avoid overheating up to 251 
Perini L. Diverziteta in interakcije mikrobiote kriosfere.  
    Dokt. disertacija. Ljubljana, Univ. v Ljubljani, Medicinska fakulteta, 2020 
 
150
1 hour and 45 min. The sonicated samples were placed in a glass separatory funnel, shaken 252 
and left for the aqueous and organic phases to separate. The organic phase was then 253 
transferred into a 1 l round glass bottle for vacuum evaporation (RotaVapor 37°C bath). The 254 
dried pellet was re-dissolved in 1 ml ethyl acetate containing 1% of formic acid in a HPLC 255 
glass vial. The ethyl acetate containing formic acid was evaporated overnight and extracts 256 
were re-suspended in 300 µl of methanol 100% (HPLC grade), sonicated for 10 min and 257 
centrifuged at 13000 rpm for 5 min. The supernatant was recovered and transferred into a 258 
clean glass HPLC vial. 1 µl of the methanolic extract was injected into the HPLC and 259 
analyzed according to the HPLC method reported by Nielsen et al. (2011). For all compounds 260 
an UV spectrum was recorded (diode array detection) and an alkylphenone retention index 261 
was calculated for each compound (Frisvad and Thrane, 1987). The compounds were 262 
compared with pure compound standards, when available, or analyzed by a mass 263 
spectrometric detector as reported by Nielsen et al. (2011) and Kildgaard et al. (2014) when 264 
not available. 265 
Confirmation of identity of purpurogallin carboxylic acid aglycone by HPLC-MS-MS-266 
DAD.  267 
HPLC-MS-MS-DAD analysis was run on an Agilent Q-TOF 6545 using an Agilent Poroshell 268 
120 Phenylhexyl column (2.1mm diameter x 150 mm length, with 1.9 μm particle size) in 269 
eluent A consisting of 100% water with 20 mM formic acid and eluent B 100% acetonitrile 270 
with 20 mM formic acid, in a gradient running from 10% eluent B to 100 % B in 10 min, held 271 
at 100 % B at 2 min, back to 10% B over 0.1. min and, held at 10% B for 1.9 min. The 272 
column temperature was 40°C, and the eluent flow rate was 350 μl/min. The MS range 273 
measured was from 100-1700 Dalton, with a scan rate of 10 spectra /sec, using positive and 274 
negative ionization separately. Fragmentation (for MS-MS) was done at 10, 20 and 40 eV 275 
(Theobald et al., 2018). The UV spectrum was compared to the published spectrum and to a 276 
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standard of purpurogallin, which has a slightly different UV spectrum (and retention time) 277 
than purpurogallin carboxylic acid. The UV spectra of purpurogallin carboxylic acid and 278 
purpurogallin carboxylic acid-6-O-β-D-glycopyranoside were identical 279 
Quantification and utilisation of purpurogallin carboxylic acid-6-O-b-D-glucopyranoside 280 
A separate experiment to investigate the possible use of the purpurogallin carboxylic acid-6-281 
O-β-D-glycopyranoside as a nutrient source by the two tested fungi, Penicillium 282 
anthracinoglassei and Articulospora sp., was set up. 283 
The water raw extractable fraction from glacier algae was extracted as described by 284 
Williamson et al. (2018), and analysed through HPLC, which highlighted the presence of very 285 
polar compounds, predominantly the phenolic pigment purpurogallin carboxylic acid-6-O-286 
beta-D-glycopyranoside (RT 1.02; Retention Index, RI 555), as reported by Remias et al. 287 
(2012).  288 
500 µl of the water extract were incubated with either Penicillium anthracinoglassei or 289 
Articulospora mycelium in sterile 5 ml Eppendorf tubes containing 500 µl of sterile Minimal 290 
Medium 0.5 M without carbon source (Vries et al. 2004). Eppendorf tubes were incubated at 291 
15°C for 6 weeks. Fungi were previously grown in MEB for 7 days at 15°C. Mycelium was 292 
washed with sterile milliQ water prior inoculation.  293 
 294 
Results 295 
Fungal identification 296 
During 2016 and 2017 sampling seasons a total of 50 different fungal species belonging to 36 297 
genera were isolated and identified from cryoconite, snow, dark and clear supraglacial ice, 298 
and supraglacial water. Two of the most abundant fungi recovered from both seasons were 299 
Penicillium anthracinoglassei (42 isolates) and Articulospora sp. (59 isolates). Phylogenetic 300 
analysis of the combined partial β-tubulin, and RPB2 genes supported the recognition of a 301 
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novel species: Penicillium anthracinoglassei with a well-supported clade containing all the 302 
isolates from Greenland (Supplementary). The abundance and the repetitive isolation of those 303 
two fungal species made them the best candidates for a co-cultivation experiment in order to 304 
clarify the nature of the relationship between glacier algae and the selected fungi on the 305 
Greenland Ice Sheet. 306 
Light microscopy 307 
Light microscopy observations of the co-cultivation treatments showed that the phenolic 308 
pigments of the glacier algae were retained in both light and dark treatments and controls after 309 
two months of incubation. After five months, as a consequence of the algae deterioration, the 310 
pigments started disappearing, except in the Penicillium anthracinoglassei treatment 311 
incubated under dark conditions, where the glacier algae retained their characteristic 312 
pigmentation (Figure 1A, B, C).  313 
Both fungi grew in extremely low nutrient medium (melted ice) and at low temperature (+4 314 
°C). Penicillium anthracinoglassei spores germination occurred after one week of incubation. 315 
After two months of incubation Penicillium anthracinoglassei mycelium appeared full of 316 
vacuolar inclusions in the fungal control. 317 
Microscopy showed that Articulospora sp. had densely septated brownish hyphae with many 318 
vacuolar inclusions. No sporulation of Articulospora sp. during the experimental incubation 319 
was observed. During its growth in co-culture with algae it formed a net-like hyphal structure, 320 
which incorporated individual algal cells, both most likely embedded in EPS (Figure 2).  321 
In the microcosms of algal control and co-cultivation experiments, meristematic structures 322 
characteristic for black yeasts were observed (possibly Oleoguttula mirabilis). After 5 months 323 
of incubation, glacier algae in all treatments deteriorated considerably, resulting in the growth 324 
and release of Chytridiomycota fungi and their zoospores (Figure 3A and 3B). All attempts to 325 
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grow Chytridiomycotan fungi in pure culture were unsuccessful. Details of the 326 
Chytridiomycota are shown in Figure 4. 327 
 328 
 329 
Figure 1 Light microscopy, dark condition, 5 months incubation A algal control; B algae + Articulospora; C algae + 330 
Penicillium. In the latter treatment the algae retained their characteristic dark pigmentation. 331 
 332 
Figure 2 Light microscopy, light condition, 3 weeks incubation Articulospora incorporating algae in the mycelial network (A 333 
and B). 334 
 335 
Figure 3 Light microscopy, light condition, 5 months incubation Penicillium treatment. Chytrids releasing zoospores (A) and 336 
interacting with the algae through rhizoids(B). 337 
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Figure 4 Light microscopy, light condition. Chytridiomycota after 5 months of  experimental incubation, indicating algal 339 
deterioration. Sporangia and rhizoids are clearly visible 340 
Scanning Electron Microscopy (SEM) 341 
Scanning electron microscopy revealed that after two months of incubation algae appeared 342 
smoother in control than in co-culture treatments, where invaginations appeared in the surface 343 
of the algal cells. No appreciable differences regarding the algal health in light or dark 344 
conditions could be seen by SEM. Articulospora sp. hyphae had a fiber-like appearance. After 345 
two months of incubation Articulospora sp. started developing a lichenoid structure with 346 
embedded glacier algae (photobiont) inside the hyphal network (Figure 5B). After 5 months 347 
of incubation samples were densely packed together and revealed the presence of 348 
Chytridiomycota rhizoids (Figure 6). 349 
 350 
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Figure 5 Micrographs of all treatments: algal control (Mb, Mesotaenium berggrenii) (A, D), algae (An, Ancylonema 352 
nordenskioeldii) incubated with Articulospora sp. hyphae (Ah) (B, E), and incubated with P. anthracinoglassei hyphae (Ph) 353 
(C, F) after 2 months and 5 months of incubation under light condition. 5B: Articulospora sp. started developing a lichenoid 354 
structure with embedded glacier algae (photobiont) inside the hyphal network. 5E: after 5 months of incubation the structures 355 
were rather packed together. p stands for mineral particles. 356 
 357 
 358 
Figure 6 SEM microscopy, light condition, 5 months incubation. Chytrids rhizoids (R) interacting with glacier algae and 359 
branching outside of the substrate. 360 
Photophysiology 361 
PAM fluorimetry measurements were conducted at each time point of the incubation to assess 362 
the change in algal physiology. Four photosynthetic parameters were recorded: Fv/Fm; 363 
rETRmax; alpha (α); and Ek, to measure the algal photophysiological response to irradiance 364 
after co-cultivation with fungi at each time point. Measurements recorded at two and five 365 
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months indicated that glacier algae, after a prolonged incubation, started deteriorating. 366 
Consequently, the light curves and associated parameters for two and five months produced 367 
erroneous results (see rapid light curves in supplementary) and are therefore not presented 368 
here.  369 
The Fv/Fm, found to decline under conditions of nutrient limitation, is used to assess the 370 
nutrient status and health of microalgae populations (Consalvey et al. 2005). The theoretical 371 
range of the measure is 0 to 1, the higher the value, the more capacity the algae have for 372 
photosynthesis. Our results indicate that there was a clear difference between the Fv/Fm 373 
between algae incubated under light and dark conditions during 3 weeks of the incubation 374 
(Figure 7). Across all treatments, algae incubated under dark conditions exhibited 375 
significantly higher Fv/Fm values after three weeks compared to algae incubated in the light 376 
(Algae: F= 59.5, p< 0.001; Alg+Art: F= 58.6, p< 0.001; Alg + Pen: F= 272, p< 0.001). There 377 
was no significant difference in Fv/Fm values between algae incubated under dark conditions 378 
across treatments; however, algae incubated in the light had a significantly higher Fv/Fm in the 379 
algae + Penicillium anthracinoglassei treatment (F= 22.8, p< 0.05), as compared to the algal 380 
control.  381 
The relative ETR max (rETRmax) is the value of electron transport rate at which the rapid 382 
light curves reach saturation. This parameter is often used as a proxy for rate of 383 
photosynthesis. Our results indicate that the rate of photosynthesis decreased significantly 384 
during the first 3 weeks across both light and dark treatments across all treatments (Figure 8; 385 
Algae: F= 120.2 p< 0.001; Alg+Art: F= 61.8, p< 0.001; Alg + Pen: F= 36.4, p< 0.01). 386 
Notably, no significant difference was found between algae incubated under light and dark 387 
conditions within each treatment and also no significant difference was found between 388 
treatments.  389 
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Alpha is the initial slope of the light-limited phase of the rapid light curve and gives an 390 
indication of how efficiently light is used by the algae. There was high variability within the 391 
treatments and no significant difference was found between light conditions within each 392 
treatment after three weeks of incubation (Supplementary). Additionally, there was no 393 
significant difference between treatments.  394 
Ek is the light saturation coefficient derived by rETRmax and alpha, and it indicates the 395 
irradiance at which the beginning of the saturation occurs (Bouman et al. 2018). Results 396 
showed a high variability in Ek within this incubation. Concurrently after 3 weeks, there were 397 
no significant differences between the Ek either within or between treatments 398 
(Supplementary).  399 
 400 
 401 
Figure 7 Fv/Fm (mean ± standard error) during the incubation period across both light (orange) and dark (black) treatments 402 
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Figure 8 rETRmax  (maximum relative Electron Transport Rate) (mean ± standard error) over the incubation period in each 404 
treatment for light (orange) and dark (black) conditions.405 
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HPLC – Co-cultivation experiment and secondary metabolites 406 
HPLC analyses from the co-cultivation experiment highlighted the presence of numerous 407 
metabolites (Supplementary), of which the number and quantity decreased over time in all 408 
samples (3 weeks to 5 months - Supplementary). Different metabolite diversity and 409 
abundance was observed in light and in darkness. 410 
Recognized metabolites produced by glacier algae were pyrogallol, a precursor for 411 
purpurogallin synthesis (Retention Time in min, RT 0.926), and the dark pigment 412 
purpurogallin carboxylic acid-6-O-b-D-glucopyranoside (RT 1.19). After three weeks of 413 
incubation under light, the precursor pyrogallol was present only in the algal control (18 414 
mAU, milli-Assorbance Units) and the co-cultivated treatments (165 mAU in Articulospora + 415 
algae and 20 mAU in Penicillium anthracinoglassei + algae). Purpurogallin carboxylic acid-416 
6-O-b-D-glucopyranoside showed the same trend, but with much lower values (up to 35 mAU 417 
in Articulospora + algae) (Table 2). 418 
A less polar molecule with the same purpurogallin carboxylic acid-6-O-b-D-glucopyranoside 419 
UV spectrum, but with higher retention time (RT 5.19 min), was identified as purpurogallin 420 
carboxylic acid without the sugar residue, and was therefore called purpurogallin carboxylic 421 
acid aglycone. After three weeks of incubation of Penicillium anthracinoglassei + algae in 422 
light, the amount of purpurogallin carboxylic acid aglycone (650 mAU) decreased compared 423 
to the algal control (1400 mAU) and the co-cultivation of Articulospora + algae (1200 mAU). 424 
In contrast, in the dark the amount of purpurogallin carboxylic acid aglycone was higher in 425 
Penicillium anthracinoglassei + algae (800 mAU) and very low in the algal control (16 426 
mAU). The same trend in the light was maintained for two months of incubation, but with 427 
lower abundances: 110 mAU in algal control, 140 mAU in Articulospora + algae and 8 mAU 428 
in Penicillium anthracinoglassei + algae, while in the dark it was 17 mAU in algal control 429 
and 400 mAU in Penicillium anthracinoglassei + algae (Supplementary). The purpurogallin 430 
Perini L. Diverziteta in interakcije mikrobiote kriosfere.  
    Dokt. disertacija. Ljubljana, Univ. v Ljubljani, Medicinska fakulteta, 2020 
 
160
carboxylic acid aglycone was not detected in the fungal controls either in the light or in the 431 
darkness at both sampling time points. 432 
 433 
Table 2 HPLC results of light and dark treatments after 3 weeks of incubation. Only major peaks are shown in the table. 434 
Values are expressed as mAU (chromatographic peak height). Art = Articulospora sp.; Pen = Penicillium anthracinoglassei. 435 






























5.199 1400 1200 650 0 0  16 690 800 0 10 
 436 
HPLC – Quantification and utilisation of purpurogallin carboxylic acid-6-O-b-D-437 
glucopyranoside 438 
After six weeks of incubation the analysis at 300-400 nm of the negative control (containing 439 
no fungal culture), showed a very high amount of purpurogallin carboxylic acid-6-O-b-D-440 
glucopyranoside (337.5 ±162.5 mAU) and the absence of the aglycone derivative (1.1 ±0.9 441 
mAU). The culture with Penicillium anthracinoglassei contained purpurogallin carboxylic 442 
acid aglycone (22.2 ±6.8 mAU), which accounted for 9.45 ±5.75% of purpurogallin 443 
carboxylic acid-6-O-b-D-glucopyranoside (Figure 9). This, however, did not account for the 444 
total observed decrease in the purpurogallin carboxylic acid-6-O-b-D-glucopyranoside 445 
content. A certain amount of both compounds was also identified in the mycelium of both 446 
fungi. In Penicillium antharicnoglassei mycelium, the conversion appeared more efficient 447 
with a percentage of conversion of 100 ±9%. Articulospora sp. had values similar to the 448 
negative control with only poor extracellular (0.9 ±0.4%) and intracellular conversion (2.2 449 
±0.1%). 450 
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Figure 9 Percentage of purpurogallin carboxylic acid-6-O-beta-D-glycopyranoside converted into purpurogallin carboxylic 452 
acid aglycone in liquid culture containing Penicillium anthracinoglassei and Articulospora sp. Ppg stands for purpurogallin 453 
carboxylic acid-6-O-beta-D-glycopyranoside. 454 
 455 
Discussion  456 
In this study, we performed an incubation experiment increasing the presence of the fungal 457 
partners, but preserving the initial algal concentration, temperature and light/dark cycle as 458 
close as possible to in situ GrIS conditions. As in the ice microbial community, microcosms 459 
were dominated by glacier algae Mesotaenium berggrenii and Ancylonema nordenskioeldii. 460 
Selected microcosms were additionally supplemented by one or the other of the two of the 461 
most characteristic fungi from ice samples, Articulospora sp. and Penicillium 462 
anthracinoglassei. These fungi were recovered from both 2016 and 2017 samplings in high 463 
abundances.  464 
Penicillium is a cosmopolitan genus, present in Arctic glaciers with high abundance and 465 
species diversity (Sonjak, et al., 2006; Perini et al., 2019b). The new species Penicillium 466 
anthracinoglassei dominated all the samples of the 2016 sampling (July - August), and was 467 
recovered in 2017 as well, albeit in lower numbers (June - July). 468 
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Articulospora sp. is an aquatic Ingoldian fungus belonging to the Helotiales order, with a 469 
recognized role in carbon dynamics of cryoconite holes in the Arctic (Svalbard) and the 470 
potential to influence plant colonisation in glacier forefields (Edwards et al. 2013). Members 471 
of the same genus are recognised as important freshwater decomposers of leaf detritus in 472 
many countries, including Spain and Portugal (Seena et al. 2012). Of the collected samples, 473 
Articulospora sp. was especially abundant in cryoconite (where glacier algae are flushed 474 
during the melting season), and they were also present in the surface ice samples.  475 
Based on the results, we hypothesize two different types of fungal-algal interactions occurring 476 
in the GrIS, which we discuss below. 477 
Penicillium – glacial algae interactions 478 
Light microscopy highlighted the beneficial impact of Penicillium anthracinoglassei on the 479 
algal pigmentation that became most evident after five months of incubation (Fig. 1). While in 480 
all the other treatments after five months the loss of the dark pigment due to algal death was 481 
clearly visible, glacier algae co-cultivated with Penicillium anthracinoglassei in the dark 482 
looked unexpectedly pigmented. 483 
After 3 weeks of incubation, PAM data showed greater algal fitness (Fv/Fm) in co-cultures 484 
with Penicillium anthracinoglassei in comparison with the other treatments. Decreased 485 
deterioration of Fv/Fm could be due to the potential shading effect of the fungal cultures. 486 
However, since the addition of Articulospora sp., which entrapped algal cells in its hyphal 487 
network and most likely protect them from the light, did not have the same seemly positive 488 
impact as P. anthracinoglassei on glacier algae, the shading effect is likely less important to 489 
explain differences in treatments. This could be possibly due to the production of beneficial 490 
fungal secondary metabolites, or mobilization of organic or inorganic compounds, which 491 
benefit the algae (for instance conversion of ammonia to nitrate). Some penicillia are able to 492 
mobilize phosphorus, a known limiting factor in glaciers, and make it available to plants, thus 493 
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promoting and increasing their growth (Gómez-Muñoz et al. 2017). As mentioned above, P. 494 
anthracinoglassei was able to produce many secondary metabolites in standard conditions 495 
(pure culture, 25 °C). These could affect the glacier algae directly or indirectly, by modulating 496 
the growth or metabolism of a third partner in this mixed community (Supplementary), with a 497 
potentially detrimental effect to the wellbeing of the algae. HPLC analysis revealed the 498 
presence of mycophenolic acid and its derivatives, xanthoepocin, Raistrick phenols, 499 
asperphenamate, quinolactacins, and breviones (Supplementary). Mycophenolic acid has been 500 
the first antibiotic ever described in 1893 (Florey et al., 1946; Bentley, 2000; Korzybski et al., 501 
2013), reported to inhibit Candida albicans and Staphylococcus aureus, and several other 502 
microorganisms (Hedstrom et al., 2011). Xanthoepocin is an anthraquinone dimer with 503 
antifungal and antibiotic properties, isolated for the first time from Penicillium 504 
simplicissimum (Igarashi et al. (2000). Breviones, isolated from Penicillium sp. by Takikawa 505 
et al. (2003), are bioactive diterpenoid derivatives with potential use in agriculture as 506 
herbicides. We hypothesize that Penicillium anthracinoglassei might exert antibacterial 507 
activity during active algal growth and photosynthesis. A screening of antimicrobial 508 
compounds produced by selected Arctic fungi indeed revealed that Penicillium 509 
anthracinoglassei organic extract had a wide antimicrobial spectrum, ranging from fungi to 510 
bacteria (Supplementary). It was active both against pathogenic bacteria Bacillus subtilis 511 
subsp. spizizenii, Staphylococcus aureus subsp. aureus, and opportunistic yeast Candida 512 
albicans, and to environmental isolates of Micrococcus lactis, Sphingomonas sp., 513 
Cryobacterium psychrotolerans and Bacillus sp.  514 
HPLC analyses of the microcosms experiment showed different patterns of metabolites in 515 
dark and light conditions of incubation suggesting that fungal metabolism is influenced by the 516 
light availability or that the influence of light on algae indirectly affects fungal metabolic 517 
processes. Particularly noteworthy was the presence of a compound having the exact same 518 
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purpurogallin carboxylic acid-6-O-b-D-glucopyranoside UV spectrum, but eluting later (RT 519 
5.19). This compound, detected as a dominant peak in the co-cultivation extracts, halved in 520 
amount in the P. anthracinoglassei treatment compared to the algal control after three weeks 521 
of incubation under light, suggesting a possible role of P. anthracinoglassei in its degradation. 522 
This molecule was not detected in the fungal controls. Incubation of P. anthracinoglassei in a 523 
medium with purpurogallin carboxylic acid-6-O-b-D-glucopyranoside as the only carbon 524 
source resulted in the detection of aglycone purpurogallin carboxylic acid (RT 5.19), 525 
indicating the ability of P. anthracinoglassei to remove the sugar moiety from the molecule. 526 
Penicillium anthracinoglassei may be able to use the sugar molecule of the phenolic pigment 527 
as a nutrient source. This degradation could occur either extracellularly or intracellularly, 528 
since both forms of purpurogallin were detected both in the medium and in the mycelium. To 529 
test the potential ability of P. anthracinoglassei to degrade the remaining polyketide structure, 530 
its tannase enzymatic activity was tested by growing it on a medium with 1% of tannic acid as 531 
the only carbon source (Supplementary). Tannases are enzymes that cleave ester bonds of 532 
tannins such as tannic acid releasing glucose, pyrogallol and gallic acid. Fungal growth and a 533 
clearing zone around the colony were observed, suggesting a possible diauxic degradation of 534 
purpurogallin carboxylic acid-6-O-b-D-glucopyranoside, initially by the utilization of the 535 
sugar moiety, followed by the degradation of the residual polyketide. Similar diauxic 536 
degradation has been shown for Pseudomonas sp., which can degrade and use antibiotic 537 
griseofulvin, produced by Penicillium nigricans as carbon source (Wright and Grove, 1957). 538 
Pseudomonas sp. degraded firstly the chlorine part of the antibiotic and subsequently the 539 
dechlorogriseofulvin derivative. The use of antibiotics, or more generally, the use of 540 
secondary metabolites as nutrition for certain bacteria has been observed and proposed within 541 
bacteriology decades ago (Dantas and Sommer 2011), and it represents an interesting aspect 542 
of antibiotic resistance (Walsh and Wright 2005). Penicillin, for example, can be degraded by 543 
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several bacterial species producing penicillinases, such as Bacillus cereus, Staphylococcus 544 
aureus, and Pseudomonas fluorescens (Yurchenco et al., 1966; Johnsen, 1977). Released 545 
amino acids can be directly used as nitrogen source (Johnsen 1977).  546 
Articulospora – glacial algae interactions 547 
Articulospora sp. exhibited a symbiotic, lichen-like relationship with the glacier algae. Both, 548 
light and scanning electron microscopies showed a progressive accumulation of the glacier 549 
algae in Articulospora hyphae. Additionally, SEM observation of the microcosm communities 550 
displayed how glacier algae, embedded in EPS, were increasingly included into the hyphal 551 
fungal network. After two months of incubation Articulospora sp. produced a distinct 552 
mycelial network with embedded algae, forming lichenoid-like structures (Fig. 5B), showing 553 
direct alignment of hyphae and algal cells, with many contact points between the partners. In 554 
contrast to P. anthracinoglassei, Articulospora sp. did not appear to degrade purpurogallin 555 
carboxylic acid-6-O-b-D-glucopyranoside either in the microcosm experiment or in pure 556 
culture with purpurogallin carboxylic acid-6-O-b-D-glucopyranoside in the medium. Testing 557 
of different extracellular enzymatic activities in both fungi resulted in beta-glucosidase, fatty 558 
acid esterase and amylolytic activities, suggesting that fungi might obtain some nutrients by 559 
degradation of algal-produced EPS during active algal growth.  560 
 561 
Additionally, at the termination of our microcosm experiment after 5 months of incubation, 562 
when most of the algae were no longer alive, we observed a considerable enrichment of 563 
Chytridiomycota, which were observed only sporadically and in smaller numbers at previous 564 
sampling points. The presence of unidentified Chytridiomycota in ice samples was also 565 
supported by NGS biodiversity analysis (Perini et al. 2019a), but none were recovered by 566 
cultivation. The length and branching of chytrid rhizoids outside of the substrate suggested 567 
that they get at least part of their nourishment from water dissolved algal or other compounds. 568 
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Since phenolic pigments might play a role in defending the algae from microbial attack, the 569 
loss of dark pigment could stimulate overgrowth of previously parasitic and then saprotrophic 570 
Chytridiomycota. Chytrids are known for their negative impact on the algal biomass in 571 
freshwater systems, able to influence algal bloom dynamics, the gene pool of their host and 572 
phytoplankton succession (Garvetto et al. 2019).  573 
 574 
The recently proposed ‘white’ terrestralisation theory emphasizes the interaction of fungi and 575 
algae in melting icy environments, since according to (Naranjo-Ortiz and Gabaldón 2019) 576 
osmotically challenging icy environments may have been mediators of the fungal conquest of 577 
land. According to this hypothesis, zoosporic fungal predators of algae and mycophageous 578 
fungi populating aqueous environments were exposed in the cryoearth conditions to an 579 
increasingly icy environment. Cooling caused on the one hand the accumulation of algal 580 
necromass and on the other hand changed osmotic conditions, both favouring the 581 
development of hyphal growth and true osmotrophy to favour the exploitation of the growing, 582 
but difficult-to-access nutrient sources. With the accelerating darkening of GrIS due to the 583 
black bloom of ice algae, global climate change is thus creating a large-scale natural 584 
experiment that is not only detrimental to the climate of the planet, but also might serve as the 585 
best proxy for real time observation of such processes that are suggested to have occurred 500 586 
million years ago. 587 
 588 
Conclusions 589 
Study of interactions between glacier algae and two selected fungal species found in the 590 
supraglacial ice of the Greenland Ice Sheet indicated that fungi and algae might establish two 591 
different types of interactions. 592 
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The conversion of the pigment purpurogallin carboxylic acid-6-O-b-D-glucopyranoside into 593 
its aglycone derivative by Penicillium athracinoglassei suggests its ability of metabolizing the 594 
sugar moiety of the pigment, using it as a carbon source. In contrast, Penicillium produces 595 
several active compounds that might modulate the growth or the activity of third partners in 596 
the microbial community, suggesting a mutualistic-like relationship. On the contrary, 597 
Articulospora sp. creates lichenoid-structure with the algae, embedding them into its hyphal 598 
network. Screening of Articulospora enzymatic activity highlighted the presence of several 599 
enzymes implicated in the degradation of the extracellular polymeric substances produced by 600 
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3 DISCUSSION AND CONCLUSIONS 
3.1 DISCUSSION 
Studies conducted over the past 30 years highlighted the presence of diverse and abundant 
microbial communities in distinct glacial habitats, including supraglacial ice (Stibal et al., 
2015; Perini et al., 2019a), snow (Larose et al., 2010), cryoconites (Edwards et al., 2011; 
Cameron et al., 2012), supraglacial water (Perini et al., 2019a; Perini et al., 2019b), lake ice 
(D’Elia et al., 2009), englacial ice (Ma et al., 1999, 2007), and subglacial ice (Butinar et al., 
2007; Perini et al., 2019b). Based on these evidence, glacial environments have been 
acknowledged as the ‘Earth’s coldest biome’ (Anesio and Laybourn-Parry, 2012), hosting 
around 1029 cells (Anesio and Laybourn-Parry, 2012; Irvine-Fynn and Edwards, 2014; Anesio 
et al., 2017), of which the majority are Archaea and Bacteria (Hodson et al., 2008; Boetius et 
al., 2015). Due to climate change cold habitats are rapidly disappearing and this is especially 
true for Arctic ecosystems (Meredith et al., 2019), which are experiencing accelerated 
melting, with both Greenland Ice Sheet (GrIS) and Arctic glaciers contributing to the global 
sea rise level (Meredith et al., 2019). 
Species diversity affects ecosystem processes at many levels, influencing its resistance and 
resilience to environmental changes. Studying cold-adapted fungi and bacteria is helping in 
interpreting ecosystem functioning and so predicting how ecology of the northern ecosystems 
will respond to on-going climate changes. Of extreme importance is also the study of the 
relationships established by microbial communities on surface ice, especially in the view of 
the massive albedo reduction happening on the GrIS due to microbial blooms. Many 
microorganisms presently entrapped in glacial ice will soon be released into the environment. 
These microorganisms are not only polyextremotolerant, but also potential candidates for 
opportunistic pathogens (Gostinčar et al., 2018). Evaluating their ability to express virulence-
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associated phenotypes enables clarification of the risks associated with their increased 
metabolic activity and release into the environment (Perini et al., 2019c; Scientific Work F). 
3.1.1 Diverse and abundant microbial communities inhabit Arctic ecosystems 
The first time in which the presence of microbes in cold habitats has been acknowledged was 
in 1967, when Farrell and Rose described the existence of microorganisms capable of 
growing at near-zero temperatures. Thereafter, several studies concentrated on filling the 
knowledge gaps on microbial populations in cold-habitats (de Garcia et al., 2012; Duo Saito 
et al., 2018; Stibal et al., 2015; Luo et al., 2019; Nicholes et al., 2019; Turchetti et al., 2011). 
Initially they depended on culturing methodology, later followed by culture independent (first 
clone libraries, then Next Generation Sequencing) approaches. As reported previously for 
other environments (Hamad et al., 2017; Mašínová et al., 2017) using a combination of 
cultivation-dependent and molecular approaches covers the breadth of diversity that none of 
the methodologies can cover on its own. This is also true for extreme Arctic habitats, despite 
their generally lower biodiversity compared to temperate zone habitats. To characterize the 
abundance and diversity of fungal and bacterial populations thriving on different water-based 
cold environments we therefore used both cultivation and sequencing approaches. Our studies 
were the first to sequence fungal biome from surface habitats of the GrIS and from subglacial 
ice of Svalbard’s glaciers (Scientific Work A and B). Samples examined were snow, 
cryoconite, supraglacial water, supraglacial ice with and without visible glacier algae biomass 
(dark ice and clear ice, respectively; both from Greenland), subglacial ice and glacial 
meltwater (from Svalbard). 
3.1.1.1 Microbial abundance across Arctic water-based cold habitats 
In contrast to fungi, bacteria of cold environments have been studied extensively (Foreman et 
al., 2007; Anesio and Laybourn- Parry, 2012) and bacterial abundance of Greenland and 
Svalbard supra- and subglacial ecosystems has been assessed previously (Stibal et al., 2015; 
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Foght et al., 2004; Skidmore et al., 2005; Sharp et al., 1999). Concentrations of bacteria 
recorded from European Alpine, Arctic, and Tateyama Mountains (Japan) supraglacial 
habitats ranged from 104 to 105 cells/ ml (Anesio and Laybourn-Parry, 2012). GrIS counts 
ranged from 103 to 106 cells/ ml in melted ice, and 103–104 cells/ ml in supraglacial snow 
(Stibal et al., 2015). However, these studies included non-viable cells, employing 
epifluorescence microscopy as a direct counting method. The counts are thus not entirely 
comparable to ours that were based on cultivation and showed, as expected due to detection of 
only cultivable live organisms (or, rather, CFUs), lower abundance. Fungi instead have been 
quite neglected with only few studies focusing on subglacial (Butinar et al., 2007) or polar 
soil fungi (Arenz and Blanchette, 2011; Connell et al., 2006). 
In all our collected samples, fungi and bacteria were found to be abundant both in Greenland 
and Svalbard, with considerable difference in frequencies between the sample types. The 
highest fungal and bacterial abundance was recorded in Greenland cryoconite holes, with 
counts up to 103 CFU/ml for both microorganisms, followed by algal dominated ice (up to 102 
CFU/ml for fungi and 103 CFU/ml for bacteria). This is not surprising, since cryoconite holes 
are recognised as active and stable microbial habitats hosting more than 103 cells/ mg of 
sediment (Hodson et al. 2010, Stibal et al., 2015). 
In case of Greenland, fungal abundance was not only estimated by counts, but also via 
ergosterol measurements. These results validated the fungal abundance assessed via 
cultivation in cryoconite and dark ice and were comparable to the lowest concentrations 
reported in Canadian soil samples (Montgomery et al., 2000). Our study (Scientific Work A) 
was the first to use ergosterol, a biomarker to evaluate the amount of living fungal biomass 
(Gessner, 2005), in glacial ice of polar environments. 
Overall the microbial counts in supraglacial habitats of the GrIS were higher than in 
Svalbard’s subglacial ice, where the numbers did not exceed 103 CFU/100 ml. This is in line 
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with counts in Alpine subglacial sediments reported by Turchetti et al. (2008), while previous 
cultivation studies in Svalbard glacial ice (Butinar et al., 2007) and Canadian subglacial 
meltwater samples (Skidmore et al., 2000) described even higher fungal and bacterial counts, 
respectively.  
Life in subglacial habitat is most likely supported by the presence of organic carbon in 
subglacial sediments (Achberger et al., 2017). The presence of organic carbon at the bottom 
of glaciers derives from the decomposition and grinding of plant material, roots, and 
cyanobacterial mats, which are readily biodegradable by microbial activity (Achberger et al., 
2017).  
3.1.1.2 Assessment of diversity with culturing and molecular strategies in Arctic 
environments 
There are different methods to assess microbial diversity in natural environments, including 
culturomic and NGS approaches. In case of sampling of extremely cold environments, both 
strategies appear to be useful. On one hand, culture-dependent methods are based on the 
isolation and characterization of pure cultures, therefore allowing for the description of 
potentially novel species, their characterisation and possible use in downstream applications 
(e.g. in biotechnology). On the other hand, NGS techniques enable the recovery of non-
cultivable and rare species, allowing a better overview of the total biodiversity.  
In both, Svalbard subglacial and GrIS supraglacial habitats, fungal diversity was mainly 
composed of Basidiomycota (the majority belonging to the Microbotryomycetes class), as 
was previously noted for many other polar and subpolar environments (Timling et al., 2014). 
Bacterial diversity in supra- and subglacial ice was also in line with previous studies (Larose 
et al., 2010; Kaštovská et al., 2007; Edwards et al., 2011; Cameron et al., 2012; Foght et al., 
2004) with a main representation of Proteobacteria, Cyanobacteria, Chroloflexi, 
Armatimonadetes, Actinobacteria, and Bacteroidetes in variable amounts. Snow was 
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considerably different from all other sampled habitats in its cultivable and sequenced fungal 
and bacterial populations, and was exclusively dominated by Pleosporales (Ascomycota) and 
Actinobacteria, respectively. 
GrIS samples showed a significant variation between ice and snow samples in both cultivated 
and sequenced fungal taxa suggesting that after deposition fungal communities in supraglacial 
ice and supraglacial water undergo a selection and enrichment process in accordance to the 
specific conditions within the habitat in question. Differences between glacial environments 
were better appreciable with culture-dependent methods, which proved that dark ice was most 
selective. In comparison to other supraglacial environments, dark ice was dominated by a 
high abundance of glacier algae, which as primary producers have the ability to gather organic 
carbon on the ice surface (Yallop et al., 2012; Williamson et al., 2018). Algae thus represent a 
substantial source of organic matter and nutrients (Brown et al., 2015) in this otherwise 
oligotrophic environment that might support dense fungal and bacterial communities. Glacier 
algae could act as an environmental filter structuring and supporting the corresponding 
microbial communities (Brown et al., 2015). Biodiversity on ice is also influenced by 
meteorological conditions, such as snowing, as possibly exemplified by the novel species 
Penicillium anthracinoglassei, that was abundantly recovered in Greenland 2016 sampling 
season, but was recovered in 2017 season only in low numbers.  
Dark ice was also dominated by Oleoguttula mirabilis, a black, cryptoendolithic meristematic 
fungus (Egidi et al., 2014) possibly associated to the high amount of mineral particles present, 
that was so far retrieved only from the Antarctic rocks (Selbmann et al., 2008; Egidi et al., 
2014). Dark ice associated mycobiota was also composed of species recognized as plant 
pathogens and plant endophytes, such as Preussia, Epicoccum, Acrodontium, and snow mold 
fungus Microdochium nivale (Hoshino et al., 2009). These species have been reported so far 
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mostly from polar, alpine and boreal environments (Sogonov et al., 2005; Sati and Belwal, 
2005; Bridge and Newsham, 2009). 
Similarly in Svalbard samples, the heterogeneous nature of the glacial habitat is seen as the 
possible driver of differences between the unique fungal communities (as judged by the 
cultivable and sequenced diversity) in different samples collected from the same and nearby 
glaciers. The influence of local habitat conditions on the microbial populations structure, the 
so-called ‘species sorting’ phenomenon, has also been described by Luo et al. (2019) in cold-
based glaciers of the Tianshan Mountains (China). In case of subglacial ice such marked 
differences in the microbial diversity might be explained by the fact that basal ice is 
composed of individual layers of ice with physico-chemical heterogeneity favouring the 
establishment of microhabitats (Hubbard and Sharp, 1989). Moreover, basal ice microbiota is 
not only influenced by the Aeolian inoculum deposition at the surface, but also by its 
anisotropic structure at the bottom. Temporary and spatial dissimilarities in microbial 
deposition as well as environmental filters acting on the local microbiota can be expected to 
lead to a patchy distribution of species within the glacier. This is then maintained by the low 
amount of microbial (or at least fungal, due to their larger cell size) migration within the 
glacier, preventing the homogenisation of the species distribution.  
Despite the differences in sampling location between Greenland and Svalbard (supraglacial as 
opposite to subglacial habitats), a significant overlap in the most recurrent species was 
evident, indicating that cold habitats select for species that better adapt to extreme conditions. 
Callizyma psychrophila and Callizyma arctica, Psychromyces glacialis, Mrakia sp., 
Phenoliferia psychrophenolica, Penicillium sp. and Cladosporium sp. are all psychrophilic or 
psychrotolerant species found to be dominant in cold environments (Singh et al., 2014; Wang 
et al., 2015; Margesin et al., 2007; Turchetti et al., 2008; Sonjak et al., 2006; Tsuji et al., 
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2016; Scientific work D; Scientific work C) and were found in this study to be present in 
almost all the sampled habitats in both Greenland and Svalbard.  
Callizyma psychrophila and C. arctica are two novel species of yeast described from GrIS 
and subglacial ice in Svalbard (Scientific Work C). Callizyma arctica was recovered via 
culturomic techniques only from GrIS samples. They are oligotrophic and true psychrophiles, 
with maximum temperature growth of 15 °C, phylogenetically related to the following genera 
of Microbotryomycetes: Glaciozyma, Oberwinklerozyma, Yamadamyces, Phenoliferia and 
Kriegeria. 
NGS techniques helped uncovering the ubiquity of two phyla, which would otherwise not be 
reported. ITS2 amplicon analyses revealed the presence of sequences belonging to the phyla 
Chytridiomycota (first time in Arctic glacial ice and tap water) and Rozellomycota in both 
Svalbard and Greenland samples. Proportion of the Chytridiomycota sequences was variable, 
but they were present in all collected samples, with high numbers in cryoconite (Greenland), 
tap water, glacial meltwater, lake water, and sea water (Svalbard) samples. The widespread 
occurrence of chytrids in cold extreme environments has been acknowledged before, for 
example in Svalbard cryoconites (Edwards et al., 2013), European and American snow (Naff 
et al., 2013), Patagonian snow, ice, meltwater and sediments (Duo Saito et al., 2018; 
Gutiérrez et al., 2016), and Antarctic ice-covered lakes and soil (Rojas-Jimenez et al., 2017; 
Bridge and Newsham, 2009; Dreesens et al., 2014). The presence of Rozellomycota in our 
samples was limited to lake, sea and tap water (Svalbard), snow and supraglacial ice 
(Greenland). Rozellomycota or Cryptomycota (Grossart et al., 2019) is an early diverging 
hyper-diverse lineage of fungi documented almost exclusively by NGS analyses of 
environmental samples (Grossart et al., 2016). They have been detected in several diverse 
aquatic ecosystems, from temperate freshwater lakes (Comeau et al., 2016; Monchy et al., 
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2011; Wurzbacher et al., 2016) to polar marine systems (Rämä et al., 2017; Hassett et al., 
2016; Rojas-Jimenez et al., 2017). 
Culture-independent strategies uncovered also the presence of the dermatophytic fungus 
Malassezia restricta and the extremely halotolerant black yeast Hortaea werneckii (never 
before reported in glacial environments) in Svalbard subglacial ice. Considering their 
extremotolerant nature (H. werneckii) or nutritional fastidiousness (M. restricta) both fungi 
have been reported before from a surprisingly numerous natural environments. Besides its 
most common habitat of the salterns (Gunde-Cimerman et al., 2018), Hortaea werneckii has 
been additionally found in marine environments (Gunde-Cimerman et al., 2006; Zalar et al., 
2005; De Leo et al., 2019; Le Calvez et al., 2009). Malassezia restricta was recovered from 
diverse marine and terrestrial ecosystems, including from Antarctic soils (Arenz et al., 2006; 
Fell et al., 2006) to deep-sea hydrothermal vents (Amend et al., 2014). 
3.1.2 Evaluation of virulence-associated phenotypes in Arctic environmental isolates 
Arctic has always been seen as a pristine environment, largely unaffected by anthropogenic 
influences. Due to climate change and warming temperatures, now the Arctic is irremediably 
mutating, faster than any other place on Earth (Meredith et al., 2019), resulting in catastrophic 
loss of diversity and possible emergence of pathogenic microorganisms (Intergovernamental 
Panel on Climate Change IPCC, 2007). Microorganims able to stand extreme conditions are 
known as polyextremotolerant, a skill that is associated with enhanced potential for causing 
opportunistic infection (Gostinčar et al., 2018). 
Fungal infections are among of the most common diseases in the world, after headaches and 
dental caries affecting several million people annually (Global Action Fund for Fungal 
Infection GAFFI, 2015). More than 600 fungal species have been implicated in infections 
(GAFFI, 2015) and they can be broadly divided into two categories. In the first is a handful of 
primary pathogens - infecting healthy individuals, and opportunistic pathogens (Murray et al., 
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2015; Khan et al., 2010). Most pathogenic fungi, including emerging pathogens, therefore 
belong to the second category. They are normally avirulent in a healthy population but can 
become tissue invasive and cause disseminated disease, usually fatal without (and often even 
with) appropriate treatment, in severely ill patients and patients with immune system 
disorders (Murray et al., 2015; Khan et al., 2010). The frequency of these opportunistic 
mycoses has increased in the past years, and numerous fungi that were previously considered 
as non-pathogenic are presently identified as causes of invasive fungal infections (Pfaller and 
Diekema, 2010). Several fungi recognised as emerging pathogens implicated in true human 
infections, such as Aureobasidium melanogenum, Rhodotorula mucilaginosa, Naganishia 
albida, were recovered from Arctic environments. Results showed that these species, together 
with the majority of psychrotolerant bacterial isolates, exhibited an unexpectedly wide 
temperature range tolerance, with the ability of active growth up to 37 °C. Thermotolerance 
can be considered as a critical virulence factor in fungi, necessary for determining the 
invasive type of infection in humans, and typically psychrotolerant strains able to survive at 
higher temperature might bear a significant pathogenic potential (Ejdys et al., 2014). 
Our screening (Scientific work E and F) also highlighted the ability to produce hemolytic 
compounds by microorganisms (both fungi and bacteria) isolated from the Arctic. 
Aureobasidium pullulans, Aureobasidium melanogenum and Rhodotorula mucilaginosa were 
the fungal species with the strongest beta hemolytic reaction, while Pseudomonas sp., 
Bacillus sp., and Micromonospora sp. were the main bacterial species with strong hemolytic 
activity. Expression of hemolytic phenotype is considered an important virulence-associated 
determinant. The damaging effect of cytolytic toxins on erythrocyte membranes and the 
subsequent release of iron from the host cells is a clear determinant of pathogenicity and one 
of the key virulence factors for most pathogens (Ratledge and Dover, 2000; Bullen et al., 
2005). Cytolytic compounds effect is often not restricted to erythrocytes, but can also affect 
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macrophages and neutrophils as well as other cell types (Asam et al., 2015), increasing the 
potential virulence of the producing microorganism (Billington et al., 2000).  
Furthermore, Arctic environmental bacterial and fungal species showed widespread resistance 
to commercial antimicrobials. The main issue when evaluating antimicrobial resistance in 
environmental strains and emerging pathogens is the lack of well-defined clinical breakpoints 
(CBP) or epidemiological cut-off values (ECOFF) (European Committee on Antimicrobial 
Susceptibility Testing, EUCAST). All environmental Arctic bacteria were resistant to at least 
one of the tested commonly used antimicrobial, but almost all were susceptible to 
tetracycline. Results were in agreement with observations made in previous screenings of 
microorganisms in cold areas (Tam et al., 2015; Dib et al., 2008; Mindlin et al., 2008).  
Tested fungal species showed intrinsic and possible acquired resistance to frequently used 
antifungals such as echinocandins and azoles. Contrary to bacteria, characterized by fast 
emergence and development of acquired resistance to antimicrobials, fungi develop resistance 
slowly. The fungal acquired resistance is thus not such a problem as the emergence of novel 
opportunistic pathogens with intrinsic resistance to established antifungals (Perlin et al., 2017; 
Murray et al., 2015). 
3.1.3 Interaction between glacier algae and fungi on the GrIS 
Non-cultivable glacier algae Mesotaenium berggrenii and Ancylonema nordenskioeldii, are 
particularly adapted to extreme conditions on the surface ice exposed to the atmosphere and 
sunlight. Besides chlorophyll they possess secondary dark pigments, which allow them to 
thrive at remarkably high UV intensities encountered on the GrIS (Williamson et al., 2018). 
Studies underlined the role of glacier algal blooms in causing darkening of the GrIS 
amplifying the already detrimental effects of the climate change on the melting of the ice 
(Meredith et al., 2019). Only recently, research (Scientific work A) highlighted the presence 
of abundant and diverse fungal communities associated with algal dominated ice, raising 
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questions about their possible roles in the development of algal blooms. Interactions between 
microorganisms are particularly crucial for the colonisation and survival of communities in 
extreme environments. To clarify the type of interaction that fungi establish with glacier algae 
on surface ice, an incubation experiment simulating in situ GrIS conditions (environmental 
concentration of algae, incubation at 4 °C under light/dark cycle) as closely as possible, was 
performed. Because of their presence in high abundance in both 2016 and 2017 Greenland 
samplings, fungal species selected for the microcosm incubations were Articulospora sp. and 
Penicillium anthracinoglassei. Based on the experimental results (Scientific work G), two 
different types of fungal algal interactions could be hypothesised. After three weeks of 
incubation, P. anthracinoglassei increased the fitness of the algae (Pulse Amplitude-
Modulated fluorometry), and after two months, it positively affected algal pigmentation in 
dark conditions (light microscopy). The positive effect might be due to the production of 
beneficial secondary metabolites, such as antibiotics modulating the growth of bacterial parts 
of the mixed community. Under light conditions P. anthracinoglassei was also able to 
metabolize the dark purpurogallin pigment of the algae into an aglycone compound by 
utilizing the attached sugar moiety and subsequently starting the degradation of the remaining 
polyketide structure. 
The other tested fungus, Articulospora sp., showed major differences in comparison to P. 
anthracinoglassei, exhibiting a symbiontic-like relationship, clearly visible in microscopic 
observation of the microcosm communities. Glacier algae surrounded by Extracellular 
Polymeric Substances (EPS), were increasingly embedded into the Articulospora sp. hyphal 
network. After two months of incubation Articulospora sp. and algae produced a distinct 
lichenoid-like structure, with algae closely embedded in the mycelial network by direct 
alignment of hyphae and algal cells, with many contact points between the partners. 
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Fungi thus appeared to be beneficial, increasing algal fitness when algae are healthy, during 
active growth in summer ablation season, but switching into a more saprotrophic mode based 
on their extracellular enzymatic activities and/or secondary metabolites production, when 
active algal growth slows down and they start deteriorating at the end of the summer season. 
These fungal –algal interactions are of particular importance due to the scale of changes 
occurring in the extremely cold environment of the GrIS (Box et al., 2012).  
3.1.4 Implications of the rich microbiota of glacial Arctic environments 
Glacier environments represent unique and rapidly disappearing ecosystems. A broader 
knowledge of their microbial diversity would contribute to our understanding of the dynamics 
and composition of glacial microbiota and their roles in the quickly disappearing Arctic 
ecosystems. Unexpectedly, fungal communities of the glaciers proved to be far from 
homogenous, with temporary and spatial environmental filters and differences in deposition 
that lead to a patchy distribution of species within habitats. 
Fast melting of Arctic glaciers, induced by climate change, causes the release of vast 
quantities of microorganisms in the surrounding environments. These microbes express 
virulence-associated phenotypes that potentially correspond to human and animal health 
hazards and justify further investigation. 
Cold environments can also constitute good models leading to a better understanding of the 
Earth’s history, especially the long periods of the Neoproterozic Snowball Earth ~ 500 million 
years ago (Hoffman, 1998). These periods, in which the whole planet was covered by ice, 
may have been very important in the evolution of life on the planet, as hypothesised by 
Naranjo-Ortiz and Gabaldón (2019). Based on our observation of algal-fungal-bacterial 
communities, the Greenland Ice Sheet might represent a suitable large-scale natural model for 
fungal Cryogenian evolution.  
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1. The combination of culture-dependent and independent strategies allowed a better 
overview of the total fungal and bacterial diversity in the sampled supra and subglacial 
environments. The culturomic approach exposed the distinctiveness of some habitats, such 
as dark ice, and indicated the rich microbial diversity yet to be fully explored. Amplicon 
sequencing proved its usefulness reporting rare and nutritionally fastidious and 
uncultivable species such as the dermatophytic fungus Malassezia restricta and the 
extremely halotolerant black yeast Hortaea werneckii in Svalbard subglacial ice, and 
revealing the presence of the phyla Chytridiomycota and Rozellomycota in both Svalbard 
and Greenland samples.  
2. A great variety of microbial communities inhabit diverse niches of glacier environments, 
from cosmopolitan to endemic species. A diversity overlap in the most frequent species 
was observed between Greenland and Svalbard samples, suggesting that some species 
harbour a collection of traits that make them particularly suited to thrive in the specific 
conditions found in glacial ice. Cultured species like Callizyma psychrophila gen. et sp. 
nov. and Callizyma arctica gen. et sp. nov., Mrakia sp., Phenoliferia spp., Penicillium sp., 
and Cladosporium sp., were common to all the sampled habitats, with the exception of 
snow (sampled on the GrIS), which proved to be the most dissimilar from all other 
habitats. Culturomic methods enabled the isolation, identification and characterization of 
two species (belonging to a novel genus) previously unknown to science. Novel species 
were named Callizyma psychrophila and Callizyma arctica because of their esthetically 
pleasing morphology (Calli- Kalos = beautiful), psychrophilic behaviour and their 
isolation habitat. 
3. Investigation of environmental Arctic fungal and bacterial species for phenotypes 
commonly associated with human pathogenicity exposed the broad thermotolerance of the 
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investigated strains and their ability to produce hemolytically active compounds. The 
same species were often also resistant to antifungals or antibiotics. This represented the 
first systematic investigation of virulence-associated phenotypes in Arctic glacial 
ecosystems. Selected fungal species additionally produced antimicrobial compounds 
active against clinically relevant species, such as the bacteria Staphylococcus aureus 
subsp. aureus, Bacillus subtilis subsp. spizizenii, Pseudomonas aeruginosa, Escherichia 
coli, and the yeast Candida albicans, and environmental bacterial strains, highlighting 
their ability of modulating other microorganisms’ growth. 
4. Study of the interactions between dark pigmented glacier algae and two selected fungal 
species found in the supraglacial ice of the Greenland Ice Sheet indicated that the presence 
of fungi has a beneficial impact on the algae, resulting in an increase in their fitness. 
Based on fungal extracellular enzymatic activities and/or secondary metabolites 
production, interactions can later switch into a more saprotrophic mode when active algal 
growth slows down and they start deteriorating. 
3.3 SKLEPI 
1. Kombinacija od gojenja odvisnih in neodvisnih strategij je izboljšala naš vpogled v 
raznovrstnost gliv in bakterij v okolju površinskega ledeniškega in podledeniškega ledu. Z 
gojenjem smo ugotovili posebnosti nekaterih habitatov, kot je z algami bogat črni led, in 
odkrili bogato bogato mikrobno raznolikost, ki odpira nadaljnje možnosti za raziskave. 
Sekvenciranje pomnožkov taksonomskih molekulskih označevalcev je k temu doprineslo 
odkritje redkih in prehransko zahtevnih vrst ter vrst, ki jih niti ne znamo gojiti, kot so 
dermatofitska gliva Malassezia restricta, izjemno halotolerantna črna kvasovka Hortaea 
werneckii in debli Chytridiomycota in Rozellomycota. 
2. Ledeniške habitate naseljuje veliko različnih mikroorganizmov, od kozmopolitskih do 
endemičnih vrst. Številne vrste mikroorganizmov smo našli tako v vzorcih z Grenlandije, 
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kot tudi vzorcih s Svalbarda, kar kaže na to, da so nekatere vrste dobro prilagojene na 
tamkajšnje pogoje, zaradi česar uspevajo so v posebnih razmerah v ledeniškem ledu 
uspešnejše od drugih mikroorganizmov. Izolirane vrste, kot so Callizyma psychrophila in 
Callizyma arctica, Mrakia sp., Phenoliferia spp., Penicillium sp. in Cladosporium sp., 
smo našli v vseh vzorčenih habitatih, razen snega (ki smo ga vzorčili na GrIS), ki se je 
tudi sicer daleč najbolj razlikoval od vseh drugih habitatov. Izolirali, identificirali in 
karakterizirali smo dve za znanost novi vrsti in ju uvrstili v nov rod. Nove vrste smo 
poimenovali Callizyma psychrophila in Callizyma arctica. 
3. V številnih okoljskih izolatih arktičnih gliv in bakterij smo našli lastnosti, ki so pogosto 
povezane s patogenostjo pri ljudeh, vključno z dobro termotoleranco preiskovanih sevov 
in njihovo sposobnost tvorjenja hemoličnih spojin. Več vrst s temi lastnostmi je bilo tudi 
odpornih proti antimikotikom in antibiotikom. Ta prva sistematična določitev z virulenco 
povezanih fenotipov v arktičnih ledeniških ekosistemih nam zagotavlja podlago za 
nadaljnje raziskave. Nekatere vrste gliv so poleg tega proizvajale protimikrobne spojine, 
ki so zavirale rast klinično pomembnih vrst, kot so bakterije Staphylococcus aureus subsp. 
aureus, Bacillus subtilis subsp. spizizenii, Pseudomonas aeruginosa, Escherichia coli in 
kvasovka Candida albicans ter izbrani okoljski bakterijski sevi. S tem smo nakazali 
spodobnost teh gliv za modulacijo rasti drugih mikroorganizmov. 
4. Študija interakcij med temno pigmentiranimi ledeniškimi algami in dvema izbranima 
vrstama gliv, ki jih najdemo v površinskem ledu Grenlandskega ledenega pokrova, je 
pokazala, da prisotnost gliv ugodno vpliva na fotosintetske sposobnosti alg. Sodeč po 
aktivnosti glivnih zunajceličnih encimov in njihovi proizvodnji sekundarnih metabolitov 
morda zaradi interakcije kasneje, ko se aktivna rast alg upočasni in njihova forma začne 
pešati, preidejo v bolj saprotrofni način.
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4. RAZŠIRJENI POVZETEK 
 
Kljub temu, da so polarna območja povezana z izredno nizkimi temperaturami in številnimi 
drugimi omejujočimi dejavniki, so bili ledeniki in ledene plošče šele pred kratkim prepoznani 
kot biomi, v katerih prevladujejo mikroorganizmi, ki pripadajo vsem trem domenam življenja. 
Ledena okolja veljajo za indikatorje podnebnih sprememb, ki kažejo veliko nihanje obsega 
ledu v odvisnosti od sprememb globalnih temperatur. Zaradi podnebnih sprememb hladni 
habitati hitro izginjajo, kar še posebej velja za arktične ekosisteme, ki se pospešeno talijo, 
tako Grenlandski ledeni pokrov (GrIS) kot Svalbardski ledeniki prispevajo tudi k dvigu 
morske gladine. Da bi izboljšali naše razumevanje mikrobiologije hitro izginjajočih arktičnih 
ledenikov, smo z Grenlandije in Svalbarda zbrali in analizirali vzorce nad- in podledeniškega 
ledu, kriokonita, snega, ledeniške izcedne vode in vode s površine ledenikov z Grenlandije in 
Svalbarda. Uporabili smo dve skupini metod za oceno mikrobne raznolikosti: gojenje in od 
gojenja neodvisne molekularne metode. Po eni strani metode, ki temeljijo na gojenju, 
temeljijo na izolaciji in karakterizaciji čistih kultur, s čimer omogočajo opis potencialno novih 
vrst, njihovo karakterizacijo in morebitno uporabo v nadaljnjih aplikacijah (npr. v 
biotehnologiji). Po drugi strani pa molekularne tehnike omogočajo odkritje negojljivih in 
redkih vrst, kar omogoča boljši pregled celotne biotske raznovrstnosti. Rezultati so pokazali, 
da različne niše ledeniških okolij naseljujejo raznolike in bogate mikrobne združbe, od 
kozmopolitskih do endemičnih vrst. Vzorci GrIS so pokazali veliko razliko med vzorci ledu 
in snega z obema skupinama metod, kar kaže na to, da je nabor gliv po odlaganju na ledenik 
podvržen selekciji in bogatitvi v skladu s posebnimi pogoji znotraj posameznega ledeniškega 
habitata. Podobno je v vzorcih Svalbarda heterogena narava ledeniškega habitata v različnih 
vzorcih, zbranih z istih in bližnjih ledenikov, možen vzrok za razlike med edinstvenimi 
glivnimi združbami v različnih ledenikih in celo različnih delih istega ledenika. Razlike med 
ledeniškimi okolji so bile bolje vidne v primeru gojenja, ki je pokazalo, da je z algami bogat 
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črni led najbolj selektiven, saj so v njem najdene vrste gliv presenetljivo vključevale mnoge 
predstavnike rastlinskih endofitov in patogenov. Kljub razlikam je bilo opaziti tudi nekatere 
vrste, ki so bile skupne vzorcev Grenlandije in Svalbarda, kar kaže na to, da nekatere vrste 
vsebujejo zbirko lastnosti, zaradi katerih so še posebej primerne za uspevanje v specifičnih 
razmerah v ledeniškem ledu. Izolirane vrste, kot so Callizyma psychrophila in Callizyma 
arctica, Mrakia sp., Phenoliferia spp., Penicillium sp. in Cladosporium sp., so bile najdene v 
vseh vzorčenih habitatih, razen snega (ki smo ga vzorčili na GrIS), ki se je izkazal kot najbolj 
različen od vseh ostalih habitatov. Metode gojenja so omogočile izolacijo, identifikacijo in 
karakterizacijo dveh za znanost novih vrst (novo ustanovljenega rodu). Callizyma 
psychrophila in Callizyma arctica sta oligotrofni in psihrofilni bazidiomicetni kvasovki, 
filogenetsko sorodni naslednjim rodom Microbotryomycetes: Glaciozyma, 
Oberwinklerozyma, Yamadamyces, Phenoliferia in Kriegeria. Z molekularnimi metodami 
smo po drugi strani ugotovili splošno prisotnost skupin Chytridiomycota in Rozellomycota v 
vzorcih s Svalbarda in Grenlandije, ki jih s pomočjo gojenja nismo našli. Delež sekvenc 
Chytridiomycota in Rozellomycota je bil različen, vendar so bile prisotne v vseh zbranih 
vzorcih, zlasti pa jih je bilo veliko v kriokonitnem ledu in vodovodni vodi. Obsežno 
pojavljanje teh filogenetsko starih vej gliv je bilo že prej opisano  v več različnih vodnih 
ekosistemih, od zmernih sladkovodnih jezer do polarnih morskih sistemov. Od gojenja 
neodvisne metode so pokazale tudi prisotnost dermatofitske glive Malassezia restricta in 
izjemno halotolerantne črne kvasovke Hortaea werneckii (o katerih še nikoli niso poročali v 
ledeniških okoljih) v ledu ledenikov na Svalbardu. Glede na njihovo ekstremnotolerantno 
naravo (H. werneckii) ali prehransko zahtevnost (M. restricta) so o obeh glivah poročali že 
prej iz presenetljivo številnih naravnih okolij. Med bakterijskimi vrstami, določenimi z 
molekularnimi metodami so bile razlike med posameznimi okolji manjše, pri čemer so vrste 
pripadale skupinam Proteobacteria, Cyanobacteria, Chroloflexi, Armatimonadetes, 
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Actinobacteria in Bacteroidetes phyla. Najpogosteje izolirani rodovi v vzorcih z Grenlandije 
in Svalbarda, so bili Cryobacterium, Massilia, Pseudomonas in Sphingomonas. Ena od 
posledic podnebnih sprememb je sproščanje ogromnih količin mikroorganizmov v okolico 
ledenikov. Pregled izbranih okoljskih izolatov gliv in bakterij je razkril pogosto prisotnost 
lastnosti, ki jih običajno povezujemo s patogenostjo za človeka, med njimi široko 
termotoleranco preiskovanih sevov in njihovo sposobnost tvorjenja hemolitičnih spojin. Iste 
vrste so bile pogosto odporne tudi proti različnim protimikrobnim sredstvom. Izbrane vrste 
gliv so poleg tega proizvajale protimikrobne spojine, ki so delovale proti klinično 
pomembnim vrstam, kot so bakterije Staphylococcus aureus subsp. aureus, Bacillus subtilis 
subsp. spizizenii, Pseudomonas aeruginosa, Escherichia coli in kvasovka Candida albicans 
ter bakterijski okoljski sevi, ki kaže na sposobnost teh gliv za modulacijo rasti drugih 
mikroorganizmov. Širjenje potencialno patogenih mikroorganizmov ni edini potencialni 
nepredvideni učinek podnebnih sprememb. Mikroorganizmi so vpleteni v različne povratne 
zanke, ki bi lahko na nepredvidljiv način pospešile podnebne spremembe. Študija interakcij 
med temno pigmentiranimi ledeniškimi algami, ki s svojim cvetenjem zmanjšujejo albedo 
ledenikov in s tem pospešujejo njihovo taljenje, ter dvema izbranima vrstama gliv, ki jih 
najdemo v površinskem ledu grenlandskega ledenega pokrova, je pokazala, da prisotnost gliv 
ugodno vpliva na alge na začetku sezone taljenja in izboljša njihovo splošno kondicijo. Sodeč 
po aktivnosti glivnih zunajceličnih encimov in njihovi proizvodnji sekundarnih metabolitov 
morda interakcije kasneje, ko se aktivna rast alg upočasni in njihova forma začne pešati, 
preidejo v bolj saprotrofni način.
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TABLES: 
Table S1. Assimilation of carbon and nitrogen sources of the strains EXF-12745, 12713, and 
12689 on three different sets of Phenotypic MicroArray (PM; Biolog) plates, PM1 
MicroPlate and PM2A MicroPlate for carbon metabolism, and PM3B MicroPlate for nitrogen 
metabolism. 
FIGURES: 
Figure S1. Phylogenetic tree (maximum likelihood) based on alignment of the D1/D2 
domains of the 26S rDNA and the complete ITS region showing the phylogenetic placement 
of Psychromyces glacialis gen. et sp. nov., Callizyma gen. nov., and three new species (C. 
psychrophila, C. arctica, C. sp.) within a comprehensive group of closely related species. The 
numbers given on branches are frequencies (>80%) with which a given branch appeared in 
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Supplementary table S1. Assimilation of carbon and nitrogen sources of the strains EXF-
12745, 12713, and 12689 on three different sets of Phenotypic MicroArray (PM; Biolog) 
plates, PM1 MicroPlate and PM2A MicroPlate for carbon metabolism, and PM3B MicroPlate 
for nitrogen metabolism. The PM tests were interpreted as positive (+) for absorbance >0.2 
after 16 days of incubation, delayed (d) if such values were observed only after 17 days of 
incubation, weak (w) for absorbance between 0 and 0.2 after 27 days of incubation, and 
negative (-) for values <0.
C sources EXF-numbers EXF-numbers EXF-numbers
Pentose Catabolic Pathway 12745 12713 12689 12745 12713 12689 Citrate cycle 12745 12713 12689
2-Deoxy-D-Ribose + + + β-Methyl-D-Glucuronic Acid - - - Citric Acid - - -
3-0-β-DGa
lacto-pyranosyl-D-Arabinose - - - Glycolysis and branches
Tricarballylic Acid - - -
Adonitol (ribitiol) - - - D-glucose-6-P - - - Succinic Acid w - -
D-Arabinose + + + D-Glucose-1-Phosphate - - - Fumaric Acid - - -
D-Arabitol - - - L-Fucose - - - α-Keto-Glutaric Acid w - -
D-Ribose + + + D-Fructose-6-Phosphate w w w α-Keto-Butyric Acid - - -
D-Xylose w w w D-Psicose - - - Mono Methyl Succinate w - -
L-Arabinose + w w D-Gluconic Acid - - - Oxalic Acid - - -
L-Arabitol - - - D-Fructose d w w Amino acid and protein metabolism
L-Lyxose + + + β-Methyl-D-Glucoside - - - Acetamide - - -
Pectin - d d N-Acetyl-β-D-Mannosamine - - - Acetoacetic Acid - - -
Xylitol - - - L-Lactic Acid d d d Bromo Succininc Acid - - -
β-Methyl-D-Xyloside - - - α-D-Glucose w w w D- Serine - - -
Starch and Sucrose Metabolism α-D-Lactose - - - D,L-Carnitine - - -
D-Galactonic-Acid-y-Lactone - - - D-Mannose d w d D-Alanine - - -
D-Galactose - - - Gentiobiose w w w D-Aspartic Acid - - -
D-Melibiose - - - L-Glucose - - - D-Fucose - - -
D-Raffinose w w w Salicin - - - D-Glucosamine + + +
D-Sorbitol - - - β-D-Allose - - - D-Malic Acid - - -
D-Tagatose w w w D-Melezitose - w w D-Threonine - - -
Dulcitol (galactitol) - - - L-Sorbose w w w Fumaric Acid - - -
Lactitol - - - α-Methyl-D-Glucoside - - - Gelatin - - w
L-Galactonic Acid-γ-Lactone - - - Arbutin - - d Glycine - - -
N-Acetyl-D-Galactosamine - - - 3-Methyl Glucose - - - Glycyl-L-Aspartic Acid - - -
Stachyose w w - Laminarin - - d Glycyl-L-Glutamic Acid - - -
α-D-Lactose - - - α-Methyl-D-Mannoside - - - Glycyl-L-Proline - - -
α-Methyl-D-Galactoside - - - Mannan - - - Hyxroxy-L-Proline - - -
β-Methyl-D-Galactoside - - - 5-Keto-D-Gluconic Acid w w w L-Alanin - - -
Starch and Sucrose Metabolism Pyruvate metabolism L-Alaninamide w - -
α-Cyclodextrin - - - D,L-Malic Acid - - - L-Alanyl-Glycine - - -
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C sources - continuation EXF-numbers EXF-numbers EXF-numbers
12745 12713 12689 12745 12713 12689 12745 12713 12689
β-Cyclodextrin - - - Pyruvic Acid w L-Arginine - - -
γ-Cyclodextrin - - - L-Lactic Acid - - - L-Asparagine - - -
Dextrin - - w Formic Acid - - - L-Aspartic Acid - - -
Glycogen - - - Methyl Pyruvate w - - L-Glutamic Acid - - -
Inulin - - - D-Malic Acid - - - L-Glutamine - - -
Maltose d - w L-Malic Acid - - - l-Histine - - -
Maltotriose - w w
D-Lactic Acid
Methyl Ester
- - - L-Homoserine - - -
D-Galacturonic Acid - - - Compatible solutes L-Isoleucine - - -
Sucrose d w w Glycerol w - - L-Leucine - - -
D-Cellobiose - - w D,L-α-Glycerol-Phosphate - - - L-Lysine - - -
Maltitol - - - D-Trehalose - - - L-Malic Acid - - -
Turanose - - - D-Mannitol - - - L-Methionine - - -
Palatinose - - w D-Arabitol - - - L-Ornitine - - -
Uronic Acid Metabolism L-Arabitol - - - L-Phenylalanin - - -
D-Galacturonic Acid - - - Dihydroxy Acetone + + + L-Proline - - -
D-Glucoronic Acid w - -  I-Erythritol - - -
L-Pyroglutamic Acid - - - D-Tartaric Acid - - - D-Valine - - -
L-Serine - - - Glucoronamide - - - Glycine - - -
Amino acid and protein metabolism Glycolic Acid - - - L-Alanine - - -
L-Threonine - - - Glyoxylic Acid - - - L-Arginine - - -
L-Valine - - - Inosine - - - L-Asparagine - - -
m-Hydroxy Phenyl Acetic Acid - - - Itaconic Acid - - - L-Aspartic Acid - - -
N-Acetyl-D-Galactosamine - - - Lactulose - - - l-Citrulline - - -
n-Acetyl-D-Glucosamine - - - L-Rhamnose - - - L-Cysteine + + +
N-Acetyl-L-Glutamic Acid - - - L-Tartaric Acid - - - L-Glutamic Acid - - -
Phenylethyl-amine - - - Malonic Acid w - - L-Histidine - - -
p-Hydroxy Phenyl Acetic Acid - - - Melibionic Acid w - - L-Homoserine - - -
Propionic Acid d - - M-Tartaric Acid - - - L-Isoleucine - - -
Putrescine - - - Mucic Acid - - - L-Leucine - - -
Tyramine - - - myo-Inositol - - - L-Lysine - - -
N-Acetyl-Neuraminic Acid - - - L-Methionine - - -
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N-sources EXF-numbers EXF-numbers EXF-numbers
Aromatic pathways 12745 12713 12689 12745 12713 12689 12745 12713 12689
p-Hydroxy Phenyl Acetic Acid - - - Oxalomalic Acid + + + L-Ornithine - - -
n-Acetyl-D-Glucosamine - - - Quinic Acid - - - L-Phenylalanine - - -
D-Glucosaminic Acid - - - Sebacic Acid + w w L-Proline - - -
m-Hydroxy Phenyl Acetic Acid - - - Sec-Butylamine - - - L-Pyroglutamic Acid - - -
Phenylethyl-amine - - - Sedoheptulosan - - - L-Serine - - -
2-Hydroxy Benzoic Acid - - - Sorbic Acid w w w L-Threonine - - -
4-Hydroxy Benzoic Acid w - - Succinamic Acid w - - L-Tryptophan - - -
D,L-Octopamine - - - Thymidine - - - L-Tyrosine - - -
β-Hydroxy
Butyric Acid
w - - Tween-20 w - - L-Valine - - -
N-Acetyl-D-Glucosaminitol - - - Tween-40 w - - N-Acetyl-D,L-Glutamic Acid - - -
γ-Hydroxy
Butyric Acid
- - - Tween-80 w - - N-Phthaloyl-L-Glutamic Acid - - -
Other carbon sources Uridine - - - Primary amines
1,2-Propanediol - - - α-Hydroxy Glutaric Acid-γ-Lactone - - - Agmatine - - -
2- Aminoethanol - - w α-Hydroxy-Butyric Acid w - - Ethanolamine - - -
2,3-Butanediol - - - α-Keto Valeric Acid - - - Ethylamine - - -
2,3-Butanone - - - γ -Amino Butyric Acid w - - Ethylenediamin - - -
2-Deoxy Adenosine - - - δ-Amino Valeric Acid - - - Histamine - - -
3-Hydroxy 2-Butanone - - - Simple nitrogen sources Hydroxyamine - - -
Acetic Acid w - - Ammonia - - - Methyamine - - -
Adenosine - - - Biuret - - - N-Amylamine - - -
Amygdalin - - - Nitrate - - - N-Butylamine - - -
Butyric Acid w - - Nitrite - - - Putrescine - - -
Capric (Decanoic) Acid - - - Urea - - - Thyramine - - -
Caproic (Hexanoic)  Acid - - - Amino acids and derivates β-Phenylethylamine - - -
Chondroitin Sulfate C - - - L-Glutamine - - - Amides - - -
Citraconic Acid - - - D-Alanine - - - Acetamide - - -
Citramalic Acid - - - D-Asparagine - - - D,L-Lactamide w w -
D-Ribono-1,4-Lactone - - - D-Aspartic Acid - - - Formamide - - -
D-Saccharic Acid - w - D-Glutamic Acid - - - Glucoronamide - - -
D-Lysine - - -
D-Serine - - -
N sources - continuation EXF-numbers EXF-numbers EXF-numbers
Amino sugars 12745 12713 12689 12745 12713 12689 12745 12713 12689
N-Acetyl-D-Mannosamine - - - Guanosine - - - Ala -His - - -
D-Galactosamine - - - Inosine - - - Ala -L eu - - -
D-Glucosamine - - - Parabanic Acid - - - Ala -Thr - - -
D-Mannosamine - - - Thymidine - - - Gly -Asn - - -
N-Acetyl-D-Ga lactosamine - - - Thymine - - - Gly -Gln - - -
N-Acetyl-D-Glucosamine - - - Uracil - - - Gly -Glu - - -
Nucleobases and derivates Uric Acid - - - Gly -Met - - -
Adenine - - - Uridine - - - Met -Ala - - -
Adenosine - - - Xantine - - - Aminated alkenes
Allantoin - - - Xantosine - - - D,L-α-Amino-Caprylic Acid - w -
Alloxan w w w Dipeptides D,L-α-Amino-N-Butyric Acid - - -
Cytidine - - - Ala -Asp - - - α-Amino -N-Valeric Acid - - -
Cytosine - - - Ala -Gln - - - γ-Amino-N-Butyric Acid w - -
Guanine - - - Ala -Glu - - - δ-Amino -N-Valeric Acid - - -
Ala -Gly - - - ε-Amini-N-Caproic Acid - - -
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Supplementary Figure S1 Phylogenetic tree based on alignment of the D1/D2 domains of the 26S 
rDNA and the complete ITS region showing the phylogenetic placement of Psychromyces glacialis 
gen. et sp. nov., Callizyma gen. nov. and three new species (C. psychrophila, C. arctica, C. sp.) 
within a comprehensive group of closely related species. Phylogenies were reconstructed using 
Bayesan Markov chain Monte Carlo (MCMC) analyses as implemented in MrBayes 3.2.6. MCMC 
tree-sampling method values are shown as percentages near tree branches. The scalebar represents 




 Udeniozyma ferulica CBS 7416 T
 Yunzhangia auriculariae CBS 6379 T
 Colacogloea philyla CBS 6272 T
 Leucosporidiella creatinivora CBS 8620 T
 Leucosporidiella yakutica CBS 8621 T
 Leucosporidium scottii CBS 5930 T
 Leucosporidiella muscorum CBS 6921 T
 Leucosporidium drummii CBS 11562 T
 Leucosporidium escuderoi CBS 12734 T
 Leucosporidium golubevii PYCC 5759 T
 Leucosporidium fellii CBS 7287 T
 Leucosporidium intermedium CBS 7226 T
 Leucosporidium krtinense PYCC 6879 T
 Sampaiozyma ingeniosa CBS 4240 T
 Sampaiozyma vanillica CBS 7404 T
 Libkindia masarykiana PYCC 6886 T
 Phenoliferia glacialis CBS 10436 T
 Phenoliferia himalayensis SS 4B
 Phenoliferia psychrophenolica CBS 10438 T
 NG 042372 NR 119455 Kriegeria eriophori CBS 8387 T
 Oberwinklerozyma straminea CBS 10976 T
 CBS 8941 Antarctica
 EXF 12406 dark ice GL
 EXF 12576 subglacial ice SV
 EXF 12584 supraglacial ice SV
 EXF 12745 cryoconite GL T
 EXF 12968 subglacial ice SV
 EXF 13103 subglacial ice SV
Callizyma psychrophila
 EXF 12687 supraglacial water GL
 EXF 13086 clean ice GL
 EXF 12697 supraglacial water GL
 EXF 12713 clear ice GL T
 EXF 12728 dark ice GL
Callizyma arctica
Callizyma sp. EXF 12685 supraglacial water GL
 EXF 12587 subglacial ice SV
 EXF 12945 glacial meltwater SV
 Glaciozyma watsonii CBS 10986 T
 Glaciozyma antarctica CBS 5942 T
 Glaciozyma litoralis PYCC 6252 T
 Glaciozyma martinii CBS 10620 T
 EXF 12419 dark ice Greenland
 EXF 12454 cryoconit GL
 EXF 12604 dark ice GL
 EXF 12708 dark ice GL
 Rhodotorula sp CRY YB 1 cryoconite SV
 Rhodotorula sp MLB I soil of cryoconite SV
 Rhodotorula sp isolate J 112 Qaanaaq glacier GL
 Rhodotorula sp isolate J 216 Qaanaaq glacier GL
 Rhodotorula sp isolate J 181 Qaanaaq glacier GL
 Rhodotorula sp svalbardensis J181 glacier GL
 Rhodotorula sp svalbardensis J 131 Russell glacier GL
Psychromyces glacialis
 Hamamotoa lignophila CBS 7109 T
 Hamamotoa singularis CBS 5109 T
 Bannozyma arctica CBS 9278 T
 Bannozyma yamatoana CBS 7243 T
 Chrysozyma griseoflava CBS 7284 T
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Material and methods 
Molecular analysis of Penicillium anthracinoglassei. DNA was extracted from P. anthracinoglassei 
strains (Table S1) and stored as described by  Van Den Ende and De Hoog (1999). The partial β-
tubulin (BenA) and the RNA polymerase 2 (RPB2) genes were amplified using the Ben2f - Bt2b 
and RPB2-50F - RPB27cR primers (Glass and Donaldson 1995; Houbraken, Spierenburg, and 
Frisvad 2012). Sequence analysis was performed with a Big Dye Terminator Cycle Sequencing 
Ready Reaction kit for both strands, and the sequences were aligned with the MT Navigator 
Software (Applied Biosystems). The resulting sequences of all the isolates were aligned using the 
muscle software implemented in MEGAX package (Kumar et al. 2018). Phylogeny was 
reconstructed with MrBayes 3.2.6 (Ronquist et al. 2012). Two substitution types of the 4by4 model 
and gamma distributed rates with a proportion of invariable sites (approximated with 4 categories of 
gamma distribution) were used for the estimation through 10 million generations (sampling every 
100 generation), 2 runs of 15 chains each, heated at temperature 0.2. The data was partitioned into 
two parts corresponding to BenA and RPB2 sequences and the partition models were treated as 
unlinked. The final consensus tree was calculated after discarding the first 10% of sampled trees. 
Table S4 List of the strains of Penicillium anthracinoglassei considered in the present study: strain collection numbers, 
isolation country, year and source, GenBank accession number of the ITS regions of the rRNA sequences, beta-tubulin (BenA), 
RNA polymerase II (RPB2), and calmodulin (CaM) genes. GrIS: Greenland Ice Sheet 
EXF- Species Isolation country and year Isolation source 
GenBank accession number  
ITS BenA RPB2 CaM 
11216 Penicillium anthracinoglassei GrIS 2016 Dispersed cryoconite MK460412 MT080468 MT080509 MT080527 
11218 Penicillium anthracinoglassei GrIS 2016 Dispersed cryoconite MK460414 MT080469 MT080510 MT080528 
11220 Penicillium anthracinoglassei GrIS 2016 Dispersed cryoconite  MT080470  MT080529 
11221 Penicillium anthracinoglassei GrIS 2016 Dispersed cryoconite  MT080471  MT080530 
11222 Penicillium anthracinoglassei GrIS 2016 Dispersed cryoconite  MT080472 MT080511 MT080531 
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11223 Penicillium anthracinoglassei GrIS 2016 Dispersed cryoconite  MT080473  MT080532 
11224 Penicillium anthracinoglassei GrIS 2016 Dispersed cryoconite  MT080474  MT080533 
11226 Penicillium anthracinoglassei GrIS 2016 Supraglacial water MK460417 MT080475 MT080512 MT080534 
11227 Penicillium anthracinoglassei GrIS 2016 Supraglacial water  MT080476  MT080535 
11228 Penicillium anthracinoglassei GrIS 2016 Supraglacial water  MT080477  MT080536 
11229 Penicillium anthracinoglassei GrIS 2016 Supraglacial water MK460418 MT080478  MT080537 
11230 Penicillium anthracinoglassei GrIS 2016 Supraglacial water  MT080479 MT080508 MT080538 
11231 Penicillium anthracinoglassei GrIS 2016 Supraglacial water  MT080480  MT080539 
11232 Penicillium anthracinoglassei GrIS 2016 Supraglacial water  MT080481 MT080513 MT080540 
11233 Penicillium anthracinoglassei GrIS 2016 Supraglacial water  MT080482 MT080514 MT080541 
11237 Penicillium anthracinoglassei GrIS 2016 Cryoconite  MT080483 MT080515 MT080542 
11239 Penicillium anthracinoglassei GrIS 2016 Cryoconite  MT080484  MT080543 
11240 Penicillium anthracinoglassei GrIS 2016 Cryoconite  MT080485 MT080516 MT080544 
11241 Penicillium anthracinoglassei GrIS 2016 Clear ice MK460422 MT080486 MT080517 MT080545 
11242 Penicillium anthracinoglassei GrIS 2016 Clear ice MT080486 MT080487  MT080546 
11437 Penicillium anthracinoglassei GrIS 2016 Dispersed cryoconite  MT080488  MT080547 
11438 Penicillium anthracinoglassei GrIS 2016 Dispersed cryoconite  MT080489  MT080548 
11439 Penicillium anthracinoglassei GrIS 2016 Dark ice  MT080490  MT080549 
11441 Penicillium anthracinoglassei GrIS 2016 Dark ice  MT080491 MT080518 MT080550 
11442 Penicillium anthracinoglassei GrIS 2016 Dark ice  MT080492  MT080551 
11443 Penicillium anthracinoglassei GrIS 2016 Dark ice  MT080493 MT080519 MT080552 
11444 Penicillium anthracinoglassei GrIS 2016 Dark ice  MT080494 MT080520 MT080553 
11445 Penicillium anthracinoglassei GrIS 2016 Dark ice  MT080495 MT080521 MT080554 
11446 Penicillium anthracinoglassei GrIS 2016 Dark ice  MT080496  MT080555 
11447 Penicillium anthracinoglassei GrIS 2016 Cryoconite  MT080497  MT080556 
11448 Penicillium anthracinoglassei GrIS 2016 Cryoconite  MT080498 MT080522 MT080557 
11449 Penicillium anthracinoglassei GrIS 2016 Cryoconite  MT080499  MT080558 
11450 Penicillium anthracinoglassei GrIS 2016 Cryoconite  MT080500  MT080559 
11451 Penicillium anthracinoglassei GrIS 2016 Cryoconite  MT080501 MT080523 MT080560 
11452 Penicillium anthracinoglassei GrIS 2016 Clear ice  MT080502  MT080561 
11453 Penicillium anthracinoglassei GrIS 2016 Clear ice  MT080503 MT080524 MT080562 
11454 Penicillium anthracinoglassei GrIS 2016 Clear ice  MT080504 MT080525 MT080563 
11455 Penicillium anthracinoglassei GrIS 2016 Clear ice  MT080505  MT080564 
11456 Penicillium anthracinoglassei GrIS 2016 Clear ice  MT080506 MT080526 MT080565 
12422 Penicillium anthracinoglassei GrIS 2017 Dark ice MK460374 MT080507  MT080567 
12428 Penicillium anthracinoglassei GrIS 2017 Dark ice MK460372   MT080566 
 
Morphological analyses of Penicillium anthracinoglassei. For the determination of the 
morphological characteristics of the majority of isolated fungi, Penicillium anthracinoglassei 
isolates have been inoculated as three-point cultures on Czapek Yeast Autolysate agar (CYA), CYA 
with 5% NaCl (CYAS), Malt Extract Agar (MEA), Yeast Extract Sucrose agar (YES), CREatine 
sucrose Agar (CREA) and DG-18, and grown for seven days at 25 °C (CYA also at 15 °C and 37 
°C) in the dark (Samson and Frisvad 2004). For the determination of micro-morphological 
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characteristics, microscope slides have been prepared from MEA and CYA media. Water solution 
of 60% (v/v) lactic acid with a colour dye has been used as the mounting medium. The slides have 
been examined under oil immersion with a BX51 microscope (Olympus, Japan) by differential 
interference contrast (DIC), at up to 100× magnification. Digital micrographs have been taken with 
DP12 digital camera and analyzed using the DPSOFT 3.2 application software (Olympus, Japan). 
Screening for growth on high concentrations of chaotropic and kosmotropic salts. Penicillium 
anthracinoglassei and Articulospora sp. were screened for their ability to grow on solid media with 
high concentrations of kosmotropic (NaCl, KCl and MgSO4) and chaotropic (NaBr, MgCl2, and 
CaCl2) salts. Fungi were first grown on Malt-Extract Agar (MEA - malt extract 2%, peptone 0.1%, 
glucose 2%, agar 2%) with no additional salts and incubated at 15 °C for 14 days. Spore suspension 
for Penicillium anthracinoglassei was prepared using spore suspension solution (Tween 80 0.05% 
(w/v), NaCl 0.9%, agar 0.05%), and had a final optical density of ∼0.8 (600 nm). For non-
sporulating Articulospora sp., a mycelium suspension was prepared using spore suspension 
solution. MEA was supplemented with the selected salts at different concentrations (NaCl: 2.0, 2.5, 
3.0, 4.0, 5.0 M; KCl: 2.0, 2.5, 3.0, 4.0, 4.5M; MgSO4: 2.0, 2.5, 3.0 M; NaBr: 1.5, 2.0, 2.5, 3.0, 3.5, 
4.0 M; MgCl2: 1.5, 1.6, 1.7, 1.8, 1.9, 2.0, 2.1 M; CaCl2: 1.0, 1.2, 1.5, 1.7, 1.9, 2.0 M) as described 
by Zajc et al. (2014), point inoculated and incubated at 15 °C for up to 6 weeks. Negative controls 
(non-inoculated medium) for each salinity and salt type were included in the experiments.  
Enzyme production screening in Articulospora sp. and Penicillium anthracinoglassei. Articulospora 
sp. and Penicillium anthracinoglassei were qualitatively screened for enzymatic activity on solid 
media. The enzymatic activities tested were fatty acid esterase activity (Tween 80 medium), 
protease activity (casein and gelatin hydrolysis medium), cellulase production (cellulose medium), 
pectinolytic activity at pH 5 (pectinase) and pH 7 (pectin lyase) (citrus pectin medium), amylase 
activity (starch agar), beta-glucosidase activity (aesculin agar), hydrolysis of urea (urease medium), 
as described by Paterson and Bridge (1994), and tannase activity (tannic acid agar), prepared as 
described by (Morganna et al. 2017). Fungi were point-inoculated and incubated at 15 °C up to 14 
days. 
HPLC – Secondary metabolites profile of Penicillium anthracinoglassei. Fifty-two isolates 
belonging to species Penicillium anthracinoglassei (38 isolates), P. biourgeianum TYPE (1 isolate), 
and Penicillium bialowiezense TYPE (1 isolate) were analyzed for secondary metabolite 
production. All the tested strains were three-point inoculated onto CYA and YES, packed in 
perforated sterile plastic bags and incubated at 25 °C in darkness for 8 days. Extracts were 
performed cutting three agar plugs (6 mm in diameter) for each isolate from different parts of the 
fungal colonies and added into 2 ml tubes containing 400μl of isopropanol:ethylacetate (1:3 v/v) + 
Perini L. Diverziteta in interakcije mikrobiote kriosfere.  




1% of formic acid solution. The tubes were placed into an Ultrasonic bath for 50 min at room 
temperature. Organic solvents were transferred into new sterile 2ml tubes and dried in a biosafety 
cabinet overnight. The residues were re-dissolved in 300μl methanol, sonicated for 10 min at room 
temperature, and then centrifugated for 5 min at 13000 rpm. Supernatant was finally transferred into 
a clean glass HPLC vial. 1 µl of the methanolic extract was injected into the HPLC and analyzed 
according to the HPLC method reported by (Nielsen et al. 2017). 
Screening of Penicillium anthracinoglassei and Articulospora sp. antimicrobial compounds 
production. Penicillium anthracinoglassei and Articulospora sp. were screened for the production 
of antimicrobial compounds. The extracts were prepared from cultures in Erlenmeyer flasks 
containing 20 ml of Malt-Extract Broth (malt extract 2%, peptone 0.1%, glucose 2%). The flasks 
were shaken at 150 rpm and 15 °C for 14 days. Fungal secondary metabolites were extracted with 
chloroform and methanol and distributed to sterile paper discs and the solvent was left to evaporate. 
The paper discs were added to Nutrient Agar plates previously spread with selected bacterial 
cultures listed in Table S2. Staphylococcus aureus subsp. aureus (EXB V128), and Candida 
albicans (EXF-525) were incubated at 37 °C, whereas Bacillus subtilis subsp. spizizenii (EXB 
V126), Pseudomonas aeruginosa (EXB V129), and Escherichia coli (EXB V127) were incubated 
at 30 °C. All the environmental strains were incubated at 15 °C. Plates were checked for results 
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Table S5 List of the selected bacterial strains used for the antimicrobial screening, EXF collection number, sampling environment, 








Candida albicans EXF-525 Human Ljubljana, Slovenia 2009 
Bacillus subtilis subsp. 
spizizenii 
EXB V126 - CIP 2011 
Escherichia coli EXB V127 - CIP 2011 
Staphylococcus aureus subsp. 
aureus 
EXB V128 - CIP 2011 
Pseudomonas aeruginosa EXB V129 - CIP 2011 
Micrococcus lactis EXB L-1922 Glacial ice Greenland Ice Sheet 2016 
Sphingomonas sp. EXB L-1972 Lake ice Longyearbyen, Svalbard 2016 
Flavobacterium sp. EXB L-1994 Tap water Longyearbyen, Svalbard 2016 
Cryobacterium 
psychrotolerans 
EXB L-2061 Dark ice Greenland Ice Sheet 2017 
Cryobacterium 
psychrotolerans 
EXB L-2062 Dark ice Greenland Ice Sheet 2017 
Undibacterium sp. EXB L-2063 Dark ice Greenland Ice Sheet 2017 
Pseudomonas fluorescens EXB L-2644 Dark ice Greenland Ice Sheet 2017 
Pseudomonas sp. EXB L-2659 Dark ice Greenland Ice Sheet 2017 
Sphingomonas sp. EXB L-2694 Cloud Mount Sonnblick, Austria 2017 
Pseudomonas sp. EXB L-2696 Cryoconite Greenland Ice Sheet 2017 
Bacillus sp. EXF-12396bac Glacial ice Greenland Ice Sheet 2017 
 
Results 
Fungal identification and Penicillium anthracinoglassei molecular, morphological and 
physiological characterization. During 2016 and 2017 sampling seasons a total of 50 different 
fungal species belonging to 36 genera were isolated and identified from cryoconite, snow, dark and 
clear supraglacial ice, and supraglacial water. Two of the most abundant fungi recovered from both 
seasons were Penicillium anthracinoglassei and Articulospora sp. Phylogenetic analysis of the 
combined partial β-tubulin, and RPB2 genes supported the recognition of a novel species: 
Penicillium anthracinoglassei with a well-supported clade containing all the isolates from 
Greenland (Figure S1). 
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In total, 42 strains of P. anthracinoglassei were obtained from both samplings (2016 and 2017) 
(Table S1). In 2016 season, P. anthracinoglassei was the dominating species in all the sampled 
environments, such as supraglacial water, cryoconite, dark ice and clear ice (Perini et al., 2019a). P. 
anthracinoglassei proved to be extremely oligotrophic (no mycelium development, but long 
survival in extremely oligotrophic conditions – pure milliQ water, and capable of growth in high 
salt concentration media (MgSO4 3.0 M, MgCl2 1.5 M, CaCl2 1.5 M, KCl 4.5 M, NaBr 3.0 M, NaCl 
3.5 M). Moreover, screening for the enzymatic activity of P. anthracinoglassei EXF-11445 
 EXF- 12035 / IBT 18329 P. patris-mei, soil, USA
 EXF-12043/ IBT 23553 P. patris-mei, forest soil, Poland
 EXF-12039 / IBT 22460 P. patris-mei, forest soil, Poland; T
 EXF-12041 /  IBT 23045 P. brevicompactum; NT
 EXF-12042 / IBT 23078 P. kongii, pot plant, Denmark
 EXF-12049 / IBT 28212 P. brevicompactum, coffee berry, Hawaii
 EXF-12051 / IBT 28866 P. brevicompactum
 EXF-12052 / IBT 28868 P. neocrassum, grapes, Portugal; T
 EXF-12136 / IBT 13469 P bialowiezense-like sp. 3
 EXF-10580 museum item SI
 EXF-10584 museum item SI
 EXF-11216 dispersed cryoconite, GrIS
 EXF-11218 dispersed cryoconite, GrIS
 EXF-11222 dispersed cryoconite, GrIS
 EXF-11226 supraglacial water, GrIS
 EXF-11230 supraglacial water, GrIS
 EXF-11232 supraglacial water, GrIS
 EXF-11233 supraglacial water, GrIS
 EXF-11237 cryoconite slur, GrIS
 EXF-11240 cryoconite slur, GrIS
 EXF-11241 clean ice, GrIS
 EXF-11441 dirty ice, GrIS
 EXF-11443 dirty ice, GrIS; T
 EXF-11444 dirty ice, GrIS
 EXF-11445 dirty ice, GrIS
 EXF-11448 cryoconite slur, GrIS
 EXF-11451 cryoconite slur, GrIS
 EXF-11453 clean ice, GrIS
 EXF-11454 clean ice, GrIS
 EXF-11456 clean ice, GrIS
 EXF-12173 refrigerator, SI
P. bialowiezense-like sp. 1
 EXF-12036 / IBT 22443 P. bialowiezense, bread, Italy
 EXF-12040 / IBT 23044 P. bialowiezense, forest soil, Poland; T
 EXF-12045 / IBT 26291 P. biourgeianum, forest soil, Poland; T
 EXF-12048 / IBT 27968 P. bialowiezense, marine water, Denmark
P. bialowiezense type group
 EXF 12046 IBT 26393 inland ice GrIS P. bialowiezense-like sp. 4 
 EXF-10004 museum item, SI
 EXF-10871 bittern, SI
 EXF-10879  bittern, SI
 EXF-10889 bittern, SI
 EXF-10893 bittern, SI
 EXF-10894 bittern, SI
 EXF-10963 bittern, SI
 EXF-12037 IBT 22460 Nothofagus, Chile
 EXF-12038 IBT 22460 soil, Greenland
 EXF-12044 IBT 24793 Denmark
 EXF-12047 / IBT 26525 Chroogomphus rutilus, Sweden
 EXF-12135 / IBT 12735 P. ellipticum
 EXF-12139 / IBT 28430 
 EXF-12140 / IBT 30013 soil Greenland2006
P. bialowiezense-like sp. 2













Figure S1 Phylogenetic tree based on an alignment of the BenA and RPB2 genes rooted with Penicillium astrolabium showing 
the phylogenetic placement of the P. anthracinoglassei within a comprehensive group of closely related species. All phylogenies 
were reconstructed using Bayesan Markov chain Monte Carlo (MCMC) analyses as implemented in MrBayes 3.2.6. MCMC tree-
sampling method values are shown as percentages near tree branches. The scalebar represents number of expected substitutions 
accumulated per site. 
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highlighted a fatty acid esterase, protease (casein hydrolysis), amylase, beta-glucosidase, urease, 
and tannase activity (Table S3). 
In total 59 strains of Articulospora sp. were recovered from the two samplings (2016 and 2017). 
The species was particularly abundant in cryoconite and dark ice samples at different times of 
cultivations. Furthermore, Articulospora sp. was isolated by direct inoculation of fresh and frozen 
algal material sampled in 2016, and centrifuged glacier algae sampled in 2017. The strain chosen 
for the experiment (EXF-13072) was isolated growing in close association with algal aggregates 
embedded in their Extracellular Polymeric Substances (EPS). Enzymatic tests on Articulospora 
EXF-13072 highlighted the ability of this fungus for degradation of fatty acids (fatty acid esterase 
activity), casein (protease activity), starch (amylase activity), and aesculin (beta-glucosidase 
activity) (Table S3). 
Table S6 Enzymatic activity screening of the fungi Articulospora EXF-13072 and Penicillium anthracinoglassei EXF-11445 on 
solid media. The enzymatic activities tested were fatty acid esterase activity (Tween 80 medium), protease activity (casein 
and gelatin hydrolysis medium), cellulase production (cellulose medium), pectinolytic activity at pH 5 (pectinase) and pH 7 
(pectin lyase) (citrus pectin medium), amylase activity (starch agar), beta-glucosidase activity (aesculin agar), hydrolysis of 
urea (urease medium), and tannase activity (tannic acid agar). 
 Articulospora sp. 
Penicillium 
anthracinoglassei 
MEDIA EXF-13072 (13 days) EXF-11445 (22 days) 
TWEEN 80 
+ (colony 0.8cm; ring 
0.4cm) 
+ (colony 3.6cm; ring 
0.7cm) 
CASEIN 
+ (colony 1.1cm; ring 
0.5cm) 
+ (colony 1.7cm; ring 
0.6cm) 
GELATIN - - 
CELLULOSE - - 
PECTINASE - - 
PECTINLIASE - - 
STARCH 
+ (colony 1cm; ring 
0.7cm) 
+ (colony 1.8cm; ring 
1.0cm) 
AESCULIN 
+ (colony 3cm; ring 
0.5cm) 
+ (colony 2.7cm; ring 
2.2cm) 
UREASE - 
+ (colony 2.2cm; ring 
0.3cm) 
UREASE CONTROL - - 
TANNASE - (ring 0.8 cm) + (ring 2 cm) 
 
Description of Penicillium anthracinoglassei. Bayesian analysis of aligned, concatenated partial 
beta tubulin (BenA) and RPB2 sequences of most similar strains from GenBank blast searches and 
strains deposited in Ex Culture collection of extremophilic fungi resulted in a consensus tree shown 
in Fig. S1. It is evident, as was also observed in other studies, that the clade of P. bialowiezense and 
alike taxa is diverse, containing several subclades: the clade containing the type strain EXF-12040 
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(=CBS 227.28T) in well supported (p.p. 99), as well as a clade containing isolates from Greenland 
(p.p. 100). Two additional clades are well supported, clade containing a single strain EXF-12136 
(p.p. 100) and clade containing single strain EXF-12046. A larger clade containing isolates from 
Greenland as well from other various sources was not supported (p.p. 67). Therefore, based on these 
data we describe strains clustered in clade 1 as P. anthracinoglassei, while the other species we do 
not describe due to single isolates. Clade P. bialowiezense –like sp. 2 is not statistically supported, 
therefore further analyses have to elucidate its position. 
 
Penicillium anthracinoglassei Perini, Frisvad and Zalar sp. nov. Mycobank (MB 000000) (Fig. S2). 
In: Penicillium subgenus Penicillium section Brevicompacta (Houbraken and Samson 2011). 
Holotype: CBS 00000. 
Cultures ex type: EXF-11443 = CBS 00000 = IBT 34739, dark ice, 30.07.2016, Greenland, 
67°04′43′′ N 49°20′29′′ W, Laura Perini. 
Etymology: anthrăcĭnus: "of black colour" (coal black), glăcĭēs, glăcĭēi: "ice"; referring to the origin 
of this fungus - coal black colored ice due to algal bloom causing blackening of Greenland Ice 
Sheet.  
Diagnostic features: Phylogenetic placement as shown in Fig. S1, production of  Quinolactacin 1 
and 2, Orthosporine 1, lack of andrastin A production. 
Similar species: P. bialowiezense, P. brevicompactum 
Description: Fig. S2. Colony diameter after 1 week at 25 °C, in mm: CYA: 13–20 (pale yellow 
reverse); CYAS:14–20; MEA: 12–15.5; YES: 17–18.5 (green with yellow reverse); CREA: 7–9, 
moderate growth, acid production. CYA, 5 °C: microcolonies 0–2; CYA, 10 °C: 3–9.5; CYA, 15 
°C:13–16.5; CYA, 30 °C, 37 °C: no growth. CYA 15 °C/CYA 25 °C: 0.9 [0.8-1.1], psychrotolerant. 
Optimum growth temperature: 15–24 °C. CYA/CYAS: 1.1 [0.8 – 1.4], halotolerant. Conidia en 
masse dark green. 
Synnemata or fasciculation: none; Sclerotia and ascomata: none; Colony texture on CYA: 
velutinous, radially furrowed; Conidium colour on CYA: green to dark green; Exudate droplets on 
CYA: none; Reverse colour on CYA: pale yellow; Reverse colour on YES: cream yellow; 
Diffusible colour: none; Ehrlich reaction: no or weak violet reaction; Conidiophores arising from 
agar surface; stipes (100–)150–300(–500) x 3–4 (6.5) μm, smooth-walled; penicilli predominantly 
terverticillate; rami 2–3 per stipe, mostly appressed, (7–)8.5–20 x 2.5–5.5 (–8) μm; metulae 3–4 per 
ramus, 7–13 (–17) x 3–6 μm, clavate to apically inflated up to 10 μm diam; phialides 4–6 per 
metula, ampulliform with distinguishable necks, 5.5–11 x 2–4 μm; conidia subglobose to 
ellipsoidal, 2.5–3.5 x 2–3μm, walls finely roughened, born in chains that form loose masses. 
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Distribution: Greenland, Slovenia 
Ecology and habitats: Greenland, various glacial environments, dust (deposition on museum items), 
refrigerators.  
Chemotaxonomy (Table S4): Raistrick phenols, breviones, asperphenamate, quinolactacin 1 and 2, 
quinolactacin A1, xanthoepocin, mycophenolic acids, orthosporine 1, Alk-747 (an indole alkaloid), 
Alk-788 (an indole alkaloid), linoleic acid.  
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Figure S2 Penicillium anthracinoglassei. A–C. Colonies grown at 25 °C for 7 days. A: CYA. B. MEA. C. YES. D–L. 
Conidiophores and conidia on MEA. D–H. EXF-11443T. I. EXF-10580. J. EXF-10222. K. EXF-10226. L. EXF-11454. 
Scale bar indicated on fig. F valid also for figs. G–L. 
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HPLC – Secondary metabolite profile of Penicillium anthracinoglassei. HPLC analyses revealed 
that Penicillium anthracinoglassei isolates produce mycophenolic acid, xanthoepocin, Raistrick 
phenols, asperphenamate, quinolactacins, and breviones (Table S4). The production of secondary 
metabolites was very consistent between all 38 examined isolates. All isolates produced several 
derivatives of mycophenolic acid, including mycochromenic acid, mycophenolic acid diol lactone 
and ethyl mycophenolate. On the one hand, P. anthracinoglassei strains differed from P. 
bialowiezense and P. biourgeianum type strains in the production of quinolactacin 1 and 2, 
xanthoepocin, orthosporine 1 and alk-788. On the other hand, unlike P. anthracinoglassei strains, 
those type strains produced andrastin A. P. brevicompactum differes from the three other species in 
section Brevicompacta by consistently producing brevianamide A and never quinolactacins 
 









Raistrick phenols X X X 
Breviones X X X 
Asperphenamate X X X 
Quinolactacin 1 and 
2 X - - 
Quinolactacin A1 X X X 
Xanthoepocin X - - 
Mycophenolic acids X X X 
Andrastin A - X X 
Atlantinone A - - - 
Orthosporine 1 X - - 
Brevianamide A - - - 
Alk-747 X - X 
Alk-788 X - - 
Linoleic acid X X X 
 
Screening of Penicillium anthracinoglassei and Articulospora sp. antimicrobial compounds 
production. Penicillium anthracinoglassei had significant antimicrobial activity against one or more 
of the test microorganisms, generating inhibition halos larger than 11 mm diameter (Table S5 and 
Figure S3). The species found susceptible to the secondary metabolites produced by Penicillium 
anthracinoglassei were the clinically relevant Bacillus subtilis subsp. spizizenii, Staphylococcus 
aureus subsp. aureus, and Candida albicans, as well as some environmental strains, including 
Micrococcus sp., Sphingomonas sp., Cryobacterium psychrotolerans and Bacillus sp.  
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Articulospora sp. did not produce any active extractable antimicrobial compounds at the tested 
condition, either against bacteria or fungi. 
 
 





















EXB V126 Bacillus subtilis subsp. spizizenii 26 - 
EXB V127 Escherichia coli - - 
EXB V128 Staphylococcus aureus subsp. 
aureus 
17 - 
EXB V129 Pseudomonas aeruginosa - - 















s EXB L-1922 Micrococcus sp. 22 - 
EXB L-1972 Sphingomonas sp. 11 - 
EXB L-1994 Flavobacterium sp. - - 
EXB L-2061 Cryobacterium psychrotolerans 76 - 
EXB L-2062 Cryobacterium psychrotolerans 80 - 
EXB L-2063 Undibacterium sp. - - 
EXB L-2644 Pseudomonas fluorescens - - 
EXB L-2659 Pseudomonas sp. - - 
EXB L-2694 Sphingomonas sp. - - 
EXB L-2696 Pseudomonas sp. - - 
EXF-12396bac Bacillus sp. 19 - 
Figure S3 Bacterial and fungal strains susceptible to the secondary metabolites produced by Penicillium anthracinoglassei 
(EXF-11445) 
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Table S5. Photophysiological parameters determined through the analyses of the glacier algae 
photoactivity. Values are mean ±s.e.m (standard error of the mean). (NA= not applicable; A=algae, 
Art=Articulospora, P=Penicillium; L=light, D=dark; 0=time0; 1=one week; 2= 2 weeks; 3=3weeks; 
4 = 2 motnhs; 5= 5 months) 
Table S6. HPLC results of light and dark treatments after 3 weeks of incubation. Values are 
expressed as mAU (chromatographic peak height). RT = Retention time in min; Art = 
Articulospora sp.; Pen = Penicillium anthracinoglassei. 
Table S7. HPLC results of light and dark treatments after 2 months of incubation. Values are 
expressed as mAU (chromatographic peak height). RT = Retention time in min; Art = 
Articulospora sp.; Pen = Penicillium anthracinoglassei. 
Table S8. HPLC analysis at 300-400 nm. Presence of purpurogallin carboxylic acid-6-O-b-D-
glucopyranoside and purpurogallin carboxylic acid aglycone in liquid culture of P. 
anthracinoglassei and Articulospora sp., and their corresponding percentage of conversion. RT = 




Figure S4. Rapid light curves measured with Pulse Amplitude-Modulated fluorimetry at each time 
point of the incubation to assess changes in algal physiology. Treatment 1 = algal control, treatment 
2 = algae + Articulospora sp., treatment 3 = algae + Penicillium anthracinoglassei. L = light, D = 
dark. 
Figure S5. Ek (mean ± standard error) during the incubation period across both light (orange) and 
dark (black) treatments. 
Figure S6. Alpha (mean ± standard error) during the incubation period across both light (orange) 
and dark (black) treatments. 
 
Table S8 Photophysiological parameters determined through the analyses of the glacier algae photoactivity. Values are 
mean±s.e.m. (NA= not applicable; A=algae, Art=Articulospora, P=Penicillium; L=light, D=dark; 0=time0; 1=one week; 2= 2 








efficiency in the 
















Algae L 0 0.67 (0.0) 106.74 (1.50) 375.2 (18.97) 0.28 (0.01) 
Algae + Articulospora L 0 0.64 (0.04) 113.63 (3.25) 404.7 (9.68) 0.28 (0.001) 
Algae + Penicillium L 0 0.69 (0.0) 98.15 (9.68) 402.23 (5.86) 0.33 (0.09) 
Algae D 0 0.65 (0.04) 99.2 (1.43) 388.46 (16.05) 0.26 (0.01) 
Algae + Articulospora D 0 0.69 (0.0) 100.34 (2.21) 322.02 (32.65) 0.32 (0.03) 
Algae + Penicillium D 0 0.69 (0.0) 98.11 (1.52) 366.9 (61.43) 0.28 (0.04) 
Algae L 1 0.57 (0.03) 89.65 (1.58) 580.72 (29.92) 0.15 (0.005) 
Algae + Articulospora L 1 0.64 (0.01) 83.24 (2.47) 404.59 (22.52) 0.21 (0.02) 
Algae + Penicillium L 1 0.66 (0.0) 78.01 (2.16) 256.58 (42.30) 0.32 (0.04) 
Algae D 1 0.64 (0.03) 75.34 (0.60) 380.96 (53.71) 0.21 (0.03) 
Algae + Articulospora D 1 0.69 (0.0) 82.83 (3.57) 404.21 (71.89) 0.22 (0.04) 
Algae + Penicillium D 1 0.7 (0.0) 70.69 (2.82) 371.78 (22.51) 0.35 (0.16) 
Algae L 2 0.5 (0.01) 73.83 (1.26) 542.56 (73.13) 0.14 (0.02) 
Algae + Articulospora L 2 0.59 (0.01) 78.55 (4.45) 446 (12.52) 0.17 (0.006) 
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Algae + Penicillium L 2 0.64 (0.01) 81.96 (1.98) 384.67 (35.95) 0.21 (0.01) 
Algae D 2 0.7 (0.0) 70.6 (1.34) 328.96 (93.76) 0.25 (0.06) 
Algae + Articulospora D 2 0.69 (0.0) 73.26 (1.75) 266.41 (30.59) 0.28 (0.03) 
Algae + Penicillium D 2 0.71 (0.0) 68.39 (2.41) 313.85 (49.25) 0.23 (0.03) 
Algae L 3 0.47 (0.01) 55.27 (7.57) 328.99 (11.34) 0.21 (0.04) 
Algae + Articulospora L 3 0.54 (0.02) 65.24 (5.32) 385.05 (71.17) 0.18 (0.03) 
Algae + Penicillium L 3 0.56 (0.01) 69 (4.09) 398.19 (42.49) 0.17 (0.01) 
Algae D 3 0.69 (0.02) 63.79 (2.75) 246.35 (82.96) 0.37 (0.17) 
Algae + Articulospora D 3 0.7 (0.0) 60.37 (1.81) 214.7 (2.31) 0.28 (0.01) 
Algae + Penicillium D 3 0.71 (0.0) 57.89 (2.90) 287.95 (27.35) 0.2 (0.01) 
Algae L 4 0.55 (0.01) 52.36 (3.25) 274.44 (38.63) 0.19 (0.02) 
Algae + Articulospora L 4 0.55 (0.02) 45.77 (2.42) 297.7 (53.68) 0.16 (0.02) 
Algae + Penicillium L 4 0.58 (0.01) 56.93 (13.80) 317.68 (101.05) 0.18 (0.01) 
Algae D 4 0.61 (0.02) 58.83 (8.73) 254.09 (135.82) 9 (0.12) 
Algae + Articulospora D 4 0.67 (0.0) 55.97 (2.03) 141.11 (9.70) 0.39 (0.01) 
Algae + Penicillium D 4 0.55 (0.1) 64.1 (NA) 191.12 (NA) 0.36 (0.02) 
Algae L 5 0.56 (0.01) 18.52 (2.50) -16.59 (8.04) -0.18 (1.46) 
Algae + Articulospora L 5 0.52 (0.0) 96.9 (48.40) 1582.71 (711.91) 0.1 (0.04) 
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Table S6. HPLC results of light and dark treatments after 3 weeks of incubation. Values are expressed as mAU (milli 
Absorbtion Units) (chromatographic peak height). RT = Retention time in min; Art = Articulospora sp.; Pen = Penicillium 
anthracinoglassei. Metabolites produced by fungi were identified as Art1 and related compounds (DHN-like molecules; RT: 19.98, 
19.80, and 19.60), produced in high amount in light (up to 1500 mAU) and in darkness (up to 1600 mAU). These compounds, as 
well as other unidentified molecules (RT 3.74, 4.00, 11.74, 12.67, 15.98, 16.66), were produced in high quantities and were more 
abundant in the co-cultivation treatments than in the controls (Supplementary).  After three weeks of experimental incubation 
one of the most abundant molecules was an unidentified compound with RT 12.667 (up to 2400 mAU). Xanthoepocin was 
















Art ctrl Pen ctrl
0.692 80 140 70 0 0 0 50 55 0 0
0.926 250 450 225 0 0 0 90 130 0 0
1.19 28 28 25 0 0 0 20 55 0 0
1.491 35 35 30 0 0 0 38 70 0 0
3.733 150 1200 1350 1200 1300 710 1550 1700 300 360
4.002 290 1400 1350 1200 1100 900 1500 1600 430 350
5.199 1400 1200 650 0 0 16 690 800 0 10
7.37 0 70 80 30 40 30 55 85 0 0
9.032 20 110 95 100 60 60 115 120 30 27
9.555 8 70 60 55 30 35 70 75 22 20
10.559 0 0 250 0 60 22 400 350 80 125
10.748 40 300 350 250 200 120 440 400 80 110
11.048 0 120 120 90 60 90 140 160 35 30
11.584 50 360 370 275 250 250 490 480 100 105
11.741 35 400 330 300 250 240 400 400 100 90
12.667 1200 2350 2350 2400 2250 2400 2400 2400 1800 1700
13.24 0 0 0 0 0 0 0 0 0 38
13.891 49 270 250 225 160 200 300 300 60 70
14.365 0 0 160 0 52 0 250 225 50 90
15.664 25 140 135 120 95 110 160 170 35 32
15.983 200 850 800 700 550 580 900 950 250 200
16.545 310 1100 1050 1000 800 790 1050 1100 300 300
16.662 700 1700 1700 1700 1500 1400 1800 1800 720 700
17.22 40 175 160 140 90 120 200 200 40 70
18.139 40 240 220 200 150 175 260 270 50 85
18.307 105 550 510 500 350 400 600 600 130 155
18.53 40 180 170 150 120 140 250 250 40 70
19.235 0 250 240 220 180 175 260 270 50 140
19.602 170 1000 950 800 700 700 1150 1200 360 220
19.803 120 700 690 600 500 500 800 800 140 155
19.994 340 1500 1500 1400 1200 1200 1600 1600 520 450
20.28 70 190 180 160 140 120 200 225 40 80
20.557 90 300 290 310 225 185 330 350 60 83
21.135 50 210 175 175 250 80 270 225 250 200
21.91 50 190 180 170 130 120 200 240 25 50
22.334 0 130 140 100 100 90 175 175 12 225
22.561 80 275 270 250 200 150 300 325 50 80
23.242 0 225 340 340 300 200 240 350 200 130
mAU - chromatographic peak height
LIGHT DARK
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Table S7. HPLC results of light and dark treatments after 2 months of incubation. Values are expressed as mAU 
(chromatographic peak height). RT = Retention time in min; Art = Articulospora sp.; Pen = Penicillium anthracinoglassei. 
 
 
RT gae contrAlgae + Arlgae + Pe Art ctrl Pen ctrl Algae contrAlgae + Arlgae + Pe Art ctrl Pen ctrl
0.692 0 46 0 0 0 0 35 0 0 0
0.926 18 165 20 0 0 0 90 0 0 0
1.19 14 35 6 0 0 15 25 9 0 0
1.491 0 0 0 0 0 0 0 0 0 0
1.52 12 19 8 0 0 30 32 8 0 0
1.71 6 0 0 4 0 0 0 4 0 0
2.31 0 14 0 0 0 0 4 0 0 0
3.733 0 0 0 0 0 0 0 0 0 0
4.002 0 0 0 0 0 0 0 0 0 0
5.199 110 140 8 0 0 17 120 400 0 0
5.84 20 25 0 0 0 0 0 0 0 0
7.37 0 0 0 0 0 0 0 0 0 0
7.59 25 100 40 100 80 0 0 110 25 35
9.032 0 0 0 0 0 0 0 0 0 0
9.555 0 0 0 0 0 0 0 0 0 0
10.559 0 0 35 0 0 0 0 0 0 0
10.748 0 0 17 0 0 0 0 0 0 0
11.048 14 27 20 20 23 14 12 30 20 17
11.584 0 0 15 0 0 0 0 0 0 0
11.741 52 95 85 65 90 80 80 100 90 90
12.667 110 220 180 160 185 140 120 200 150 170
12.98 25 40 40 30 35 35 30 40 35 35
13.24 0 0 0 0 0 0 0 0 0 13
13.891 68 105 90 70 90 90 85 100 95 90
14.19 16 21 40 14 20 18 20 23 20 20
14.365 0 0 0 0 0 0 0 0 0 0
15.664 0 0 0 0 0 0 0 0 0 0
15.983 0 0 0 0 0 0 0 0 0 0
16.545 0 0 0 0 0 0 0 0 0 0
16.662 0 0 0 0 0 0 0 0 0 0
16.8 35 50 0 0 0 50 50 60 50 50
17.22 7 0 0 0 0 0 0 0 0 0
18.139 7 0 0 0 0 0 0 0 0 0
18.307 7 0 0 0 0 0 0 0 0 0
18.53 10 0 0 0 0 0 0 0 0 0
19.235 0 0 0 0 0 0 0 0 0 0
19.602 18 40 30 25 30 30 25 30 30 30
19.803 15 25 23 20 23 23 17 30 18 22
19.994 50 95 80 70 80 80 80 100 90 80
20.28 0 0 0 0 0 0 0 0 0 0
20.557 0 0 0 0 0 0 0 0 0 0
21.135 0 0 0 0 0 0 0 0 0 0
21.91 0 0 0 0 0 0 0 0 0 0
22.334 0 0 0 0 0 0 0 0 0 0
22.561 0 0 0 0 0 0 0 0 0 0
23.242 0 0 0 0 0 0 0 0 0 0
23.93 0 500 700 500 450 600 600 500 600 500
mAU - chromatographic peak height
LIGHT DARK
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Table S8 HPLC analysis at 300-400 nm. Presence of purpurogallin carboxylic acid-6-O-b-D-glucopyranoside and 
purpurogallin carboxylic acid aglycone in liquid culture of P. anthracinoglassei and Articulospora sp., and their corresponding 
percentage of conversion. RT = retention time, RI = alkylphenone bracketed retention index; Values are (mAU mean ± 
standard error). 
  Purpurogallin 
carboxylic acid-6-O-b-
D-glucopyranoside RT 
1.19 RI 554 mAU 
Purpurogallin 
carboxylic acid 
aglycone RT 5.19 




337.5 (162.5) 1.1 (0.9) 0.25 (0.15) 
Purpurogallin carboxylic acid-6-O-b-D-
glucopyranoside + Penicillium anthracinoglassei 
305 (115) 22.2 (6.8) 9.45 (5.75) 
Purpurogallin carboxylic acid-6-O-b-D-
glucopyranoside + Articulospora sp. 
170.5 (15.5) 1.5 (0.5) 0.9 (0.4) 
Penicillium anthracinoglassei biomass 31.25 (1.75) 49 (0) 157 (9) 
















Figure S4 Rapid light curves measured with Pulse Amplitude-Modulated fluorimetry at each time point of the incubation to 
assess changes in algal physiology. A = time 0, B = 1 week, C = 2 weeks, D = 3 weeks, E = 5 months; Treatment 1 = algal 
control, treatment 2 = algae + Articulospora sp., treatment 3 = algae + Penicillium anthracinoglassei. L = light, D = dark 
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Figure S5 Ek (mean ± standard error) during the incubation period across both light (orange) and dark (black) treatments. 
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Figure S6 Alpha (mean ± standard error) during the incubation period across both light (orange) and dark (black) treatments. 
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